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This thesis deals with the development and investigation of optical abso-
lute frequency references based on rovibronic transitions in molecular iodine.
Doppler-free saturation spectroscopy methods are employed to resolve indi-
vidual transitions of the hyperfine structure with linewidths below 1 MHz in
the B-X system of 127I2 at 532 nm with the second harmonic of Nd:YAG
lasers. Electronic feedback control systems are employed for laser frequency
stabilization to the line center of the optical transitions with a line splitting of
105.
With the goal of a space qualified optical absolute frequency reference for
future laser-interferometric space missions, two spectroscopy setups were de-
signed and realized in quasi-monolithic, glass-ceramic setups as so called el-
egant bread board model and engineering model. These iodine references
were characterized in detail with respect to their frequency stability and re-
producibility and the engineering model was subject to environmental tests,
including vibrations and thermal cycling to verify its applicability in future
space missions.
For the investigation of the frequency instability of these iodine references,
a frequency stabilized laser system was realized based on a temperature con-
trolled high Finesse ULE cavity for direct frequency comparisons at 1064 nm.
Analysis of the frequency stability of the iodine references revealed excep-
tionally low fractional frequency instability of 6× 10−15 at 1 s, averaging
down to less than 2× 10−15 at 100 s integration time, constituting the best
reported stability achieved with iodine references to date.
With the demonstrated performance, these absolute frequency references
enable precision laser systems required for future space missions that are ded-
icated to, e.g., the detection of gravitational waves, mapping of the Earth’s
gravitational field or precision test of fundamental physics.
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Diese Arbeit beschäftigt sich mit der Entwicklung und Untersuchung von
optischen Absolutfrequenzreferenzen basierend auf rovibronischen Übergän-
gen in molekularen Jod. Dabei werden Methoden der Doppler-freien Sätti-
gungsspektroskopie angewendet, um einzelne Übergänge der Hyperfeinstruk-
tur mit Linienbreiten unterhalb von 1 MHz im B-X System von 127I2 bei
532 nm, der zweiten harmonischen des Nd:YAG-Laser, aufzulösen. Elektro-
nische Regelungstechniken ermöglichen eine präzise Stabilisierung der opti-
schen Frequenz auf die Linienmitte der Übergänge mit einer Auflösung von
Teilen in 105.
Mit dem Ziel einer weltraumtauglichen Absolutfrequenzreferenz für zu-
künftige Weltraummissionen, wurden zwei Spektroskopiemodule konzipiert
und in quasi-monolithischen Glaskeramik-Aufbauten, als so genanntes ele-
gant breadboard model und engineering model, realisiert. Diese Jodfrequenz-
referenzen wurden im Detail in Bezug auf ihre Frequenzstabilität und Repro-
duzierbarkeit untersucht und Letzteres wurde für die angestrebte Weltraum-
qualifizierung ersten Umwelttests, sowohl vibrations- als auch thermischen
Belastungstests, unterzogen.
Für die Untersuchung der Frequenzstabilität dieser Jodreferenzen wurde
ein auf einen optischen Resonator hoher Güte stabilisiertes Lasersystem für
direkte Frequenzvergleiche bei 1064 nm realisiert. Die Analyse der Frequenz-
stabilität der Jod Referenzen zeigt eine Frequenzstabilität von 6× 10−15 bei
1 s, und weniger als 2× 10−15 bei 100 s Integrationszeit, was der bis heute
besten veröffentlichten Frequenzstabilität entspricht die mit Jod Referenzen
erreicht wurde.
Mit der erreichten Frequenzstabilität ermöglichen diese Absolutfrequenz-
referenzen präzise Lasersysteme für zukünftige Weltraummissionen wie z.B.
zur Detektion von Gravitationswellen, zur Vermessung des Gravitationsfelds
der Erde oder für Präzisionstest fundamentaler Theorien der Physik.
Schlagwörter:
Frequenzreferenz, Iod, Modulations Transfer Spektroskopie, Raumfahrt
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Since the advent of the laser in the 1960s, optical metrology has evolved to the most precise
discipline of experimental physics and has thereby brought forward the most precise measure-
ments of physical quantities. It has helped to shed new light on the innermost as well as the
large scale structure of our universe. High precision optical experiments helped to discover
and refine the laws of quantum physics and to test and verify predictions of special and general
relativity. This success of optical metrology stems from the versatile possibilities to address
various fundamental physical quantities such as length, time or energy, with optical radiation,
which can be related to simple measurements of frequencies which is the most exact way of
doing measurements as it was expressed by A. Schawlow in his advice to “Never measure
anything but frequency!” quoted by Nobel laureate T. W. Hänsch [1]. Frequency stable laser
systems thereby provide precision tools, whose fractional frequency stability today reaches
into the 1×10−18 regime. The task of measuring optical frequencies has in particular been
facilitated with the invention of the frequency comb that was awarded with the Nobel prize to
John L. Hall and Theodor W. Hänsch in 2005. High precision spectroscopy of optical transi-
tions helped to reveal and understand the inner structure of atoms and molecules and brought
forward the quantum mechanics of matter [1] and antimatter [2]. Optical metrology has thus
contributed to the discovery and refinement of fundamental concepts of the physical mod-
els describing our universe. The improvement of spectroscopy techniques, laser cooling of
atoms culminated in the development of optical atomic clocks reaching fractional instabilities
at 2× 10−18 level and accuracy of 6.4× 10−18[3, 4] that already outperform primary cesium
frequency standards defining the SI second by orders of magnitude. High precision laser in-
terferometry enabled tests of special relativity and to set limits on putative Lorentz violation at
10−17 [5, 6]. Large scale laser interferometry recently succeeded in the fist direct observation
of gravitational waves [7] and the ongoing improvement in sensitivity is about to spark the
field of gravitational wave astronomy.
Besides the ongoing improvement in precision of sophisticated optical experiments in labo-
ratories and research institutions, mobile instruments emerge from the field of optical metrol-
ogy that can be applied in the field or even in space missions, thus opening new horizons for
experiments and applications inaccessible from the laboratory. Similar to Harrison’s mechan-
ical clock, that enabled the determination of the longitude and thus precise navigation on the
sea in 18th century, and RF clocks that enable space-borne global navigation and communi-
cation since the 1990s, today, optical clocks and precision laser systems, too, become mobile
and ready for deployment in the field and in space thus opening new field in physics. State-
of-the-art mobile optical atomic clocks reach precision that enables relativistic geodesy via
measurements of the local gravitational redshift. Space-born laser interferometry will enable
gravitational wave astronomy and thus open a new window to the universe. Space optical
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clocks and laser interferometry between satellites in low Earth orbits allow for monitoring of
Earth’s gravitational potential enabling global space geodesy and precision tests of special and
general relativity at unprecedented precision. These examples show that the progress in optical
metrology and related optical technologies are expected to pave the way for future discoveries
and scientific applications.
The following gives three examples of applications for optical metrology with frequency
stabilized laser systems discussed in this thesis that contribute to the fields of fundamental
physics and Earth observation and derives the requirements on the laser systems with respect
to their frequency stability.
1.1 Laser interferometric detection of gravitational waves
The existence of gravitational waves (GW) was predicted by Albert Einstein in context of
his theory of general relativity already in the year 1916 [8]. The amplitude of these minute
ripples in space-time, however, are so small that their detection was long time only a matter
of theoretical debates although many aspects of general relativity were already experimentally
confirmed. An indirect proof of the existence of gravitational waves was deduced from the
observation of the double pulsar PSR1913-16 discovered by J. Taylor and R. Hulse [9]. The
damping of the dynamics of the binary system was shown to be consistent with the energy loss
predicted by emission of gravitational radiation [10]. J. Taylor and R. Hulse were awarded
with the Nobel Prize in physics in 1993. Their discovery gave boost to ambitious research
aiming at a direct detection of gravitational waves, that is strived for since the 1960s. State-of-
the art gravitational wave detectors are based on large scale laser interferometers that recently
succeeded in the first direct observation of a gravitational wave cause by a binary black hole
merger [7].
Besides being another proof of the predictions made by Einsteins general relativity, continu-
ous direct observation of gravitational waves opens a new window to the universe, enabling the
observation of cosmological events beyond the electromagnetic spectrum and providing com-
plementary and so far undetectable information, e.g., about black holes or about very early
universe before recombination [11].
Gravitational Waves Gravitational waves are described as ripples in space-time whose am-
plitude is described by the strain h in space-time that gives the relative change ∆L/L of the
proper distance L between two objects in space when a gravitational wave passes orthogonal







As an example, a gravitational wave with a strain of h = 2× 10−21, such as the recent first
detected gravitational wave [7], will modulate the proper distance between two test masses
having a mean distance of 1 million km by only 1 pm.
According to general relativity, gravitational waves originate from asymmetrically acceler-
ated mass distributions and sources for gravitational waves with amplitudes feasible for laser
2
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Figure 1.1: Sensitivity of gravita-
tional wave detectors LISA and Ad-
vanced LIGO and galactic sources
of gravitational waves. Earth bound
detectors such as LIGO and space-
born detectors cover complemen-
tary spectral windows and thus
cover different sources of gravita-
tional waves. From [13].
interferometric detectors are, e.g., inspirals and coalescence of binaries of massive astrophys-
ical objects such as black holes or neutron stars [12]. Supernovae are expected to produce
bursts of gravitational waves and a stochastic gravitational wave background is expected from
the early formation of the universe [11]. An overview of sources of gravitational waves emit-
ting in a spectrum between 10 µHz and 10 kHz is shown in Fig. 1.1, which is separated in two
spectral regions that represent the detection bandwidth of ground based gravitational wave
detectors and the envisioned space-borne gravitational wave detector LISA.
Ground based gravitational wave detectors Laser interferometric gravitational wave de-
tectors resemble large scale Michelson interferometers, with arm lengths of several kilometers
that measure the modulation of the proper distance between their mirrors caused by passing
gravitational waves which manifests themselves in a modulation of the interferometer signal
[7, 12, 14].
Major projects for laser interferometric gravitational wave detection are LIGO [15], VIRGO
[16], GEO 600 and TAMA 300. These interferometers feature strain sensitivity at 10−23 level
in a measurement band between ten hertz and ten kilohertz, cf. Fig. 1.1. Detection of grav-
itational waves at lower frequencies, e.g, from sources like extreme mass ratio inspirals and
super massive black hole binaries requires even larger interferometers and is hindered by seis-
mic noise and gravity gradient noise in this frequency band [14]. Therefore, large scale laser
interferometers with arm length on the order of millions of kilometer were proposed in the
1980s to be operated in the quieter environment of space to detect these interesting sources.
Space-borne gravitational wave detectors Space-borne gravitational wave observatories
now become technologically feasible. The laser interferometer space antenna LISA [12], il-
lustrated in Fig. 1.2 or DECIGO [18] are two examples. The LISA project now aims for the
opportunity for a L3-class mission of the Cosmic Vision Plan, with a planned launch in 2034.
The planned space-borne gravitational wave observatory consist of three satellites as de-
picted in Fig. 1.2 with a distance on the order of one to five million kilometer containing free
falling test masses, realized by drag free control. The proper distance between the test masses
3
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Figure 1.2: An artist’s impression of LISA.
Three spacecrafts form three interferometer
with arm lengths of 5 million kilometer. Each
interferometer arm is realized by two frequency
stabilized Nd:YAG lasers that are offset-locked
to each other. Laser interferometry is used to
measure the distance between free-falling test
masses inside the satellites for the detection of
gravitational waves.
Image credit NASA [17].
is measured by means of laser interferometric ranging with high power laser systems based
Nd:YAG laser sources [12, 13].
In contrast to their ground based counterparts, these laser interferometers can not be oper-
ated from a single laser system, but require a transponder scheme using several powerful and
frequency stabilized laser systems one each satellite. The need for the transponder scheme
comes from the fact that from a 1 W laser launched from one satellite, only 100 pW will be
received at the other satellite [13], making a direct reflection a hopeless approach. Instead,
another laser on the remote satellite will be phase locked to the incoming light with an offset
frequency of 20 MHz, limited by the bandwidth of the low power photo detectors, amplified
and send back to realize one interferometer arm an likewise for the other arms of the interfer-
ometer.
The mission architecture in principle poses unreachable requirements on the frequency noise
of the laser systems, which comes from the fact that the length of the arms of the interferometer
will exhibit a mismatch ∆L. Because of this mismatch, laser frequency noise will couple into
noise of the distance measurement between the satellites, where relative frequency noise of





As an example, the expected average arm length mismatch for an arm length of 5×106 km is
105 km and the anticipated arm length resolution of 2 pm/Hz1/2 would required laser frequency
noise as low as 6 µHz/Hz1/2. This level of frequency noise is out of reach even for state-of-the-
art laser systems and frequency stabilization schemes. To reach the required strain sensitivity,
several steps of laser frequency pre-stabilization and post-processing techniques will be used
that allow for a reduction of the influence of laser frequency noise [19]. For the gravitational
wave detector to work properly the requirement on the laser frequency noise spectral density
of the laser system after pre-stabilization are estimated to be [20]:
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Figure 1.3: An artist’s impression of the orbiting Gravity Recovery and Climate Experiment (GRACE)
Follow-on satellites linked by a laser measurement beam. Image credit NASA/JPL.




1+(2.8mHz/ f )4 (1.3)
in the science band of Fourier frequencies between 0.1 mHz and 1 Hz.
Further, the synchronization of the individual laser on the remote satellites to within the
detection bandwidth of the low-power photo-detectors of 20 MHz requires knowledge of the
frequency offset between the laser system on each spacecraft.
1.2 Space geodesy by laser interferometric inter-satellite ranging
The Gravity Recovery and Climate Experiment (GRACE) mission, is dedicated to constantly
map Earth’s gravitational field over an intended mission lifetime of 5 years. The GRACE
mission consists of two satellites in near circular orbit, tracking each other at varying distance
of 170 km to 270 km [21]. The two satellites are linked by highly accurate microwave K-
band ranging. Accelerometers in conjunction with the K-band ranging between the satellites
enables monitoring variations of the Earth’s gravity field from differential accelerations sensed
by the satellites. The GRACE instrument achieves a spatial resolution of 400 km to 40 000 km
[21] and maps Earth’s geoid with a height accuracy of 2 to 3 mm [22]. The GRACE data
is used to develop precise models Earth’s gravity field [21], and allows for monitoring of
temporal variations of the Earth’s gravitational field on a global scale, in particular caused by
mass-transport in the hydrosphere [22].
A follow on mission is planned, due to the importance of continuous long-term data acqui-
sition. The Gravity Recovery and Climate Experiment Follow-On (GRACE-FO) mission [23],
illustrated in Fig. 1.3, will continue the measurements of GRACE and is planned to launch in
2017. In addition to a continued data acquisition, the follow on mission provides the opportu-
nity to implement an inter-satellite laser ranging instrument, promising an increased ranging
resolution [23]. The GRACE-FO mission or future GRACE-like gravity missions, next gener-
ation gravity missions NGGM, are examples for a potential application of laser interferometry
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between satellites. These missions will benefit from optical ranging, where the increased reso-
lution results from the factor 104 shorter wavelength of laser ranging compared to microwave
ranging.
Similar to one arm of LISA, laser ranging can be implemented in a transponder scheme
with one laser on each satellite offset locked to each other [21]. The GRACE-FO mission is
confronted with the problem inherent to an unequal arm length interferometer, i.e. laser fre-
quency noise couples to distance measurement noise. Therefore, laser frequency noise is one
of the major contributions to measurement noise in an inter-satellite laser ranging instrument.
For the constellation of the GRACE-FO mission with a maximum distance of 270 km, a laser
wavelength of 1064 nm, i.e. 282 THz, and an anticipated ranging resolution of ≈30 nm/Hz1/2,
the requirement on the laser frequency noise becomes [23]




1+(10mHz/ f )2. (1.4)
for Fourier frequencies between 0.1 mHz and 1 Hz.
1.3 Test of special relativity with optical frequency references
In 1905 Albert Einstein introduced his theory of special relativity [24], which is nowadays
the accepted theory of local space-time and proven in numerous experimental observations.
Its essential element, the space-time symmetry of local Lorentz invariance (LLI), is deeply
woven into physical theories describing nature on a fundamental level, e.g., the theory of
general relativity contains local Lorentz invariance in the limiting case of negligible gravitation
and the standard model of particle physics is based on relativistic quantum field theories.
Local Lorentz invariance is therefore one of the pillars of today’s physical description of our
universe. This prominent role calls for a thorough empirical affirmation. Further motivation for
experimental tests originates from a variety of unsettled problems in contemporary physics. As
an example, one possible explanation of the abundance of matter versus antimatter could be the
violation of charge-conjugation, parity, time-reversal (CPT) symmetry, which is closely related
to local Lorentz symmetry. In the quest for a quantum theory of gravity, which unifies the
standard model of particle physics with general relativity in a ‘theory of everything’, Lorentz
violation is frequently assumed which could provide a distinctive experimental signature of
new physics [25].
Kinematic test theory for special relativity Test theories, i.e., parametrized generalizations
or ‘violations’ of theories under consideration are used to model experiments and for the inter-
pretation of the results. A test theory often used to discuss and compare experiments aiming
at tests of LLI was developed by Robertson [26] and refined by Mansouri and Sexl [27].
The Robertson-Mansouri-Sexl (RMS) theory, describes transformations between two inertial
frames moving with different velocity and postulates a simple parametrization of the Lorentz
6
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Experiment type Parameter Value Reference
Michelson-Morley ( 12 −βMS +δMS) (4±8)×10
−12 Herrmann et al. [5]
Kennedy-Thorndike (βMS−αMS−1) (1.9±2.1)×10−5 Braxmaier et al. [29]
Kennedy-Thorndike (βMS−αMS−1) (−3.1±6.9)×10−7 Wolf et al. [30]
Kennedy-Thorndike (βMS−αMS−1) *(−4.8±3.7)×10−8 Tobar et al. [31]
Ives-Stilwell
⏐⏐αMS + 12 ⏐⏐ (−4.8±8.4)×10−8 Reinhardt et al. [32]
Table 1.1: To dates limits on LLI violating parameters within the RMS test theory.
*weighted mean of limits set for sidereal ((−1.7±4.0)×10−8) and annual ((−2.3±1.0)×10−7) term.
transformations. Three parameters are thereby introduced that can be tested in three different
experiments to set limits on the validity of special relativity, see Appendix A. The three famous
experiments are; the Michelson-Morley experiment, the Kennedy-Thorndike experiment and
the Ives-Stilwell experiment.
Although dynamical theories like the standard model extension (SME) provide a more accu-
rate description about the experiments to be discussed, the following discussion is restricted the
simpler RMS-theory as it gives insight on the motivation and requirements. For an overview
of test theories for LLI see, e.g., [28]. The RMS framework considers two coordinate systems,
the preferred frame Σ in which the speed of light c0 is isotropic and a moving frame S moving
relative to Σ with a velocity υ . The ratio of the speed of light in S and Σ is obtained from

























sin2 θ , (1.6)
where θ is the angle between the direction of light propagation and the velocity υ , PKT =
(βMS−αMS−1) and PMM = (12−βMS+δMS) are denoted Kennedy-Thorndike and Michelson-
Morley parameter, respectively. The case of αMS = −12 , βMS =
1
2 and δMS = 0, i.e. PKT =
PMM = 0, corresponds to special relativity. The determination of the three parameters is the
target of experiments that test special relativity. The current limits on the three parameters are
given in Tab. 1.1, where the limits on PMM is known four orders of magnitude better than PKT .
Kennedy-Thorndike Experiments The Kennedy-Thorndike parameter is tested by compar-
ison of the resonance frequency νres of an optical or microwave resonator with the transition
frequency νclock of a molecular or atomic transitions as follows. While, in the framework of the
RMS-theory, the atomic and molecular transition frequencies are assumed to be independent
of the speed of light, the resonance frequency of an optical resonator of length L is propor-
tional to the speed of light. Thus, a putative velocity dependence of the speed of light can be
7
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The Kennedy-Thorndike parameter is sought-after in a modulation of the frequency difference
between lasers stabilized to a molecular transition and an optical resonator with a temporal
signature given by the square of the velocity modulation of the experiment relative to the cos-
mic microwave background (CMB) as a natural candidate for the preferred frame Σ. Inserting
Eq. (1.8) in Eq. (1.6) and neglecting PMM, which is almost four orders of magnitude smaller









Ground based experiments The KT experiments performed so far made use of the velocity
modulation of a laboratory with respect to the CMB that can be written as the sum of the
velocity υ⊕ of the sun relative to the CMB, the orbital velocity υ⊙ of the Earth around the
sun and the circumferential velocity υR of the laboratory originating from the rotation of the
Earth, see, e.g., [31]. Major parameters describing the velocity modulation of an experiment on
Earth are given in Appendix A.2. In their original experiment, Kennedy and Thorndike used an
unequal arm length interferometer, and later Hils and Hall compared the resonance frequency
of an optical cavity to a transition in molecular iodine and analyzed their data with respect to a
daily modulation of the velocity of their laboratory [33]. Braxmaier et al. [29] also compared
the resonance frequency of an optical cavity with molecular iodine, while Wolf et al. [30]
and Tobar et al. [31] compared the resonance frequency of a cryogenic sapphire microwave
resonator with an H-maser and both were able analyze the annual modulation thanks to the
improved long-term stability of their cryogenic resonators.
Space-borne experiment The sensitivity of a Kennedy-Thorndike experiment scales with
the amplitude of velocity modulation experienced by the experimental setup and further de-
pends on the frequency stability of the frequency references at the Fourier frequencies of
the velocity modulation. One approach to improve the sensitivity is to perform a space-
borne Kennedy-Thorndike experiment, e.g., on a satellite in a low Earth orbit (LEO), Fig. 1.4.
This approach offers two main advantages. First, the velocity modulation of a satellite in a
LEO with velocity υLEO = ωLEORLEO is 17 times stronger compared to the sidereal velocity
modulation of a ground based experiment near the equator. Second, the putative KT sig-
nal is shifted to higher Fourier frequencies, ωLEO ≈ 1/90min = 1.2×10−3 rad/s instead of
1/d = ω⊕ = 7.29×10−5 rad/s, where the stability of the oscillators is usually significantly
higher than at sidereal or annual frequencies.
8
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be divided in macroscopic references, like fiber interferometers [38–40] or optical cavities
[41], and microscopic references, i.e. optical transitions in atoms or molecules. Macroscopic
frequency references, such as optical cavities allow for extraordinary short-term stability with
fractional instabilities well below 10−15 at 1 s averaging time. Optical cavities for space mis-
sions have been developed in context of space-born gravitational wave detectors like LISA [42]
and were already brought to high technical readiness levels, e.g., for the GRACE-FO mission
[43–45]. However, their resonance frequency is determined by their dimensional properties,
which are subject to environmental perturbation such as temperature fluctuations causing ther-
mal expansion. And as man made artifacts their absolute frequency is not well controlled and
subject to material creep and aging.
Atoms and molecules provide absolute frequency references for laser frequency stabiliza-
tion that are in many ways superior to those based on man-made artifacts such as optical
cavities. In contrast to optical resonators, atoms and molecules feature unique spectra, are
available in innumerable identical copies and the transition frequencies of atomic or molecu-
lar species are less sensitive to environmental perturbations and do not exhibit long-term drifts
as macroscopic references. Therefore, they are well suitable references for long-term laser
frequency stabilization and synchronization of lasers on remote satellites.
Only few molecular systems with transition frequencies in the spectral range of the Nd:YAG
laser are known, that can be used in spectroscopic setups for laser frequency stabilization. Op-
tical transition at 1064 nm were reported for molecular cesium 133Cs2 [46, 47], acetylene C2H2
[48–50] and deuterated acetylene C2HD [50–52], and CO2 [50]. The transition in Cs2 are elec-
tronic transitions and can be detected, e.g., by frequency modulation spectroscopy methods,
however the frequency stability of Cs2 stabilized lasers is limited to 6 parts in 1011 [47] by
strong temperature related pressure shift, which is insufficient for most missions. Further, the
Cs2 cell must be heated to 200 ◦C unless cavity enhanced techniques are applied [46, 47]. The
transitions in C2H2, C2HD and CO2 are molecular overtone transitions and their line strength
is about nine orders of magnitude weaker than electronic transitions. Cavity enhanced spec-
troscopy techniques like the noise immune cavity enhanced optical heterodyne spectroscopy
(NICE-OHMS) [51] can be applied to achieve signal-to-noise ratios that are suitable for high
performance frequency stabilization. Frequency instabilities of 3.4× 10−13 at 1 s averaging
time and 1× 10−14 after 800 s were reported [52]. However, the required setups are rather
complex and thus difficult to realize in a space compatible assembly. Molecular iodine fea-
tures a dense spectrum of optical transitions between 500 nm and 900 nm. In particular, the
narrow and strong transitions at 532 nm, that can be addressed by the second harmonic of the
Nd:YAG laser emission wavelength, are used for laser frequency stabilization.
The combination of the intrinsic stable Nd:YAG laser with transition in molecular iodine is
investigated for a variety of missions, especially for laser interferometric gravitational wave
detectors like LISA [53] and DECIGO [54, 55]. A variety of experimental implementations
have been investigated with respect to the requirements on frequency stability. Setups based
on simple Doppler-free spectroscopy [56] as well as intra-cavity spectroscopy techniques [57]
have been realized and studied for LISA and DECIGO [54, 55]. However, most of these setups
are laboratory demonstrators and have not been integrated in a space compatible way and their
performance only partially fulfill the requirement on the above mentioned mission.
10
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• Design and realization of a flight-like, compact and robust spectroscopy setup that ful-
fills the requirement on the frequency stability of laser systems for future space missions.
• Environmental tests of the spectroscopy setup, i.e. thermal cycling and vibrational loads,
to verify its applicability in a space mission.
With the milestones achieved, this thesis contributes to the development of a space qualified
optical frequency reference for missions aiming at fundamental physics, Earth observation
or navigation and ranging. As a proof of the maturity of the developed iodine references
developed during this thesis, a first space flight of an iodine frequency reference aboard a
sounding rocket mission is currently under preparation and scheduled for end of 2017 [64].
Organization of this thesis First, Chapter 2 gives a brief introduction to optical frequency
references. The basic stabilization and measurement techniques are presented, that are used
throughout this thesis. Chapter 3 introduces the cavity stabilized laser system that was real-
ized as a test bed for the investigation of the iodine references. The setup and its performance
are presented. Chapter 4 introduces fundamental properties of molecular iodine relevant for
their application as frequency reference. The spectroscopic methods used for the realization of
a molecular frequency reference are introduced. Chapter 5 reports on major noise sources and
systematic effects limiting the frequency stability of the iodine references and introduces var-
ious control techniques that were developed to improve the frequency stability of the systems.
Chapter 6 presents the novel quasi-monolithic spectroscopic setups, the elegant breadboard
model and the engineering model. The engineering model was subject to environmental tests
including vibrational loads and thermal cycling. The results of these test and the performance
of theses frequency references is presented. A summary and outlook for the future develop-
ment of iodine based frequency references is given in Chapter 7.
12
2 Laser frequency stabilization and frequency
measurement
2.1 Introduction
Future space missions with inter-satellite laser ranging for detection of gravitational waves and
space geodesy and for tests of fundamental physics, discussed in the introduction, rely on laser
systems based on Nd:YAG lasers at 1064 nm with low-frequency noise at Fourier frequencies
between 0.1 mHz and 1 Hz. Free-running lasers do not provide the level of frequency stability
required by these missions, which calls for active laser frequency stabilization to some optical
frequency reference. Here, rovibronic transitions in molecular iodine around 532 nm will be
used as optical frequency references, where Doppler-free spectroscopy methods are used to
resolve these transitions in a gaseous sample of molecules. Frequency stabilization of a laser
to such an optical resonance is realized by electronic feedback control. The principals of laser
frequency stabilization is introduced in this chapter.
Electronic feedback control systems are widely used to stabilized the frequency of a laser
to a fraction of the linewidth of an optical resonance, such as resonances in optical cavities
or suitable transitions in atoms or molecules. The linewidth of the rovibronic transitions in
molecular iodine used here are on the order of 1 MHz, corresponding to a Q factor of the
order of 108 for an optical frequency of 282 THz, i.e. 1064 nm. High-resolution spectroscopy
techniques providing high signal-to-noise ratios (S/N) allows for a resolution of 1 part in 106
of such resonances. As a figure of merit the potential fractional frequency stability σ(τ) of an
optical frequency reference as a function of the averaging time τ can be estimated from the









Optical frequency references can thus provide fractional frequency instability of 10−15, i.e.
frequency control of laser systems at the 1 Hz level.
High-resolution spectroscopy and electronic feedback control are used to dramatically re-
duce the frequency noise of free-running laser systems, thus enabling ultra precise instruments
required for laser interferometric observation of gravitational waves or Earth observation. The
laser sources proposed for these missions are Nd:YAG laser whose frequency noise needs to
be suppressed by three to four orders of magnitude to reach the required sensitivity. The fre-
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V/Hz). The error signal Serr is proportional1 to the frequency deviation:
Serr = D(νs−ν0) = Dδν . (2.6)
The error signal is processed by a servo filter with a complex, frequency dependent transfer
function2 F(s) which generates an electronic control signal
Scon = F(s) D δν . (2.7)
When the servo loop is enabled, the control signal is applied to the actuator with a transfer
function K (with units of Hz/V) and the actuated laser frequency becomes
νs = νi−KF(s)Dδν . (2.8)
Subtraction of the reference frequency ν0 on both sides, introduction of νi− ν0 ≡ ∆ν and
rearranging yields
∆ν = δν +KF(s)Dδν = δν [1+KF(s)D], (2.9)





Eq. (2.10) shows, that the frequency deviations ∆ν of the free-running laser from the optical
reference can suppressed by a factor of 1/(1+KF(s)D). The factor KF(s)D corresponds to
the open loop gain. The steady state error becomes small, when the open loop gain of the
servo loop is large.
Control bandwidth Eq. (2.10) shows that laser frequency noise is suppressed for high open
loop gain KF(s)D. This, however, can not be realized for all Fourier frequencies and the
stability criterion limits the bandwidth of a feedback loop to below frequencies where the
phase delay of the feedback signal reaches 180◦. Above this frequency, noise is amplified
instead of being suppressed and the feedback loop becomes instable. Therefore, the loop filter
is designed such that it provides high gain at low frequencies to suppress laser frequency noise
and filters noise at high frequencies. Here, the control bandwidth is limited to 10 kHz. The
electronic servo loop filter is shown in Appendix. D.4.
1The generation of the errors signal involves amplification, lock-in or phase sensitive detection and the line shape
of the signal depends on the spectroscopic method used to generate the error signal. However, the error signal
can be assumed to be linear to the frequency deviation, since the servo keeps frequency deviations small. The
feedback loop linearizes the system.






with s = σ + iω and f (t) the ratio of the time dependent output Scorr(t) to the input Serr(t).
18
2.4 Measurement of optical frequencies and frequency noise 19
In-loop frequency noise The frequency noise spectral density of frequency noise can be
calculated similar to the simple derivation of Eq. (2.10). By replacing the frequency deviations
∆ν and δν with spectral density of frequency noise of the free-running and the closed loop
frequency noise of the stabilized laser S2laser( f ) and S
2
laser,cl( f ), respectively, the closed loop
frequency noise reads [41]
Slaser,cl( f ) =
√
|Slaser( f )|2 + |Ndisc( f ) K F(s)|2 + |Nloop( f ) K|2
|1+K F(s) D|
, (2.11)
and includes noise entering the feedback loop at various nodes of the loop as indicated in
Fig. 2.4. To estimate the closed loop frequency noise, the frequency noise of the free-running
Slaser( f ) can be modeled by the power-law, cf. Eqn. (2.4), Ndisc( f ) is determined by the de-
tection noise, and Nloop( f ) represents noise entering the feedback loop at various nodes as
indicated in Fig. 2.4. Comparison of the free-running laser frequency noise and the require-
ments on the frequency noise depicted in Fig. 2.2 shows that an open loop gain of 104 to 105
of the electronic feedback loop is necessary at Fourier frequencies below 1 Hz to fulfill the
requirements. This can be accomplished by combined feedback to the frequency actuators
detailed in Sec. 2.2.
For sufficiently high gain F(s) Eq. (2.11) reduces to




i.e., the achievable minimum frequency noise is given by the ratio of the detection noise Ndisc
to the slope of the error signal D. Eq. (2.12) shows that detection noise limits the achievable
frequency noise, where shot-noise is a fundamental limit that is often dominated by the laser
intensity noise.
2.4 Measurement of optical frequencies and frequency noise
The frequency stability of a laser system can be determined in a differential measurement,
i.e. from a heterodyne beat-note with one or several other frequency stabilized laser systems.
The beat-note between laser systems is detected using a fast, i.e. few GHz bandwidth, photo-
detector. The RF signal is fed to a frequency counter, that provides a gated time record of
the beat-note between the laser systems. The frequency noise determined from this type of
measurement is obviously dominated by the laser system with the higher frequency instability.
A setup used in this work is shown in Fig. 2.5. The beat-note frequencies of up to 1 GHz
between two or more lasers are detected on a fast photodiode (G7096, Hamamatsu). These
RF signals are filtered and amplified, mixed down using synthesizers to <50 MHz, amplified
again to ~0 dBm and fed to RF frequency counters. The frequency counters as well as the syn-
thesizers are phase-locked to a 10 MHz reference derived from an atomic rubidium standard
(Efratom) or an GPS disciplined quartz oscillator (Model 1083A, Arbiter Systems).
A Π-counter (SR620, Stanford Research Systems) was used for measurements over several
19

3 Cavity stabilized laser system as optical
frequency reference testbed
3.1 Introduction
As outlined in the previous chapter, the characterization of the frequency stability of optical
frequency standards requires a second frequency reference for comparison, where the latter
should have comparable or preferably better frequency stability. The simplest measurement is
the comparison of two optical standards operating at the same wavelength which can be done
by direct beat-note measurements. For the characterization of the molecular iodine frequency
references developed in this work and presented in Chapter 5 and 6, a high performance cavity
stabilized laser system was realized for the investigation of the frequency stability of these
references. With the excellent short-term stability with fractional instability below 2×10−15
at 1 s integration time the cavity stabilized system constitutes a useful tool for the analysis of
the short-term stability of the iodine references.
In general, cavity stabilized lasers have become an indispensable key element for a variety
of applications in optical metrology including ultra-high resolution spectroscopy [75], optical
clocks [76, 77] and for future space-borne laser interferometry aiming for direct detection of
gravitational waves [12, 42] and Earth observation [43]. As highly stable length references,
optical cavities are applied in tests of special relativity in modern Michelson-Morley exper-
iments [5, 6] and Kennedy-Thorndike experiments [29, 33]. The race for the development
of best optical atomic clock is a main driver for the rapid improvement of the performance
achieved with optical cavities. Over the last decades the performance of cavity stabilized
laser systems has improved from first sub-Hz linewidth lasers in 1999 [78] to linewidth below
40 mHz [77]. State-of-the art systems achieve fractional frequency stability at 10−16 level at
few second integration time [76, 77, 79].
The heart of a such stabilized laser system is the optical cavity, made up of two highly re-
flecting mirrors optically contacted to a spacer all made of well chosen high quality materials
such as ultra low expansion glass ceramics or single crystal silicon. The laser frequency is sta-
bilized to the center of a longitudinal mode of the cavity by means of the Pound-Drever-Hall
(PDH) technique [80]. Consequently, the stability of the laser frequency is determined by the
stability of the optical path length between the mirror and the lock fidelity of the stabiliza-
tion loop. The effects changing the optical path length of the cavity can be separated in two
categories: environmental perturbations and fundamental statistical fluctuations, i.e. thermal
noise. In order to be limited only by the fundamental noise, it is crucial to isolate the cavity
from the environmental perturbations. Examples are; temperature fluctuations that can couple
through the coefficient of thermal expansion (CTE), changes in the index of refraction inside
21

3.2 Optical resonators as frequency references 23
n denotes the index of refraction of the medium between the mirrors. In steady state, the
reflected, transmitted and circulating amplitudes Et , Er and Ecirc. are thus written
Er = Einr−Einrt2a2eiδ
[






















where the geometrical series is used to evaluate the sums in the brackets2 and a accounts for
cavity losses (a = 1 for no losses).
The relevant result following from Eqs. (3.1a) and (3.1b) are the frequency dependent trans-
fer functions of the resonator. These are used later for the calculation of the response of a















The transfer functions have a periodicity of 2nLω/c and depend on the optical frequency as
depicted for the reflected field (Eq. (3.2a)) in Fig. 3.2 (left).
The transfer functions for the optical power are calculated by taking the absolute square of
Eqs. (3.2a) and (3.2b), respectively, which yields



















with q = r2eiδ
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Impedance matching Optical impedance matching refers to the problem of balancing the
losses from the cavity to the reflectivity of the mirrors. A cavity is impedance matched, when
the transmission of the incoupling mirror compensates the overall round-trip losses of the
cavity, such that no light is reflected from the cavity [81]. At Finesse above 105 impedance
matching becomes a delicate issue, where the reflectivity needs to be precisely controlled
during manufacturing with respect to the minute absorptions at ppm of high finesse mirrors.
Modes of an optical resonator Stable resonator configurations are obtained with curved
mirrors, most often one curved and one plane mirror, where the mode reproduces itself on
each round trip. The wavefront of the mode then fit to the mirror surfaces, that define the
mode of the resonator. To couple a laser beam to a mode of the cavity, some beam shaping is
required to match the laser beam to the mode defined by the cavity. One or two lenses are used
for this purpose and mode matching is readily calculated with ABCD-Matrix formalism [82].
The modes of an optical resonator, including higher order transversal modes, can be described













where R1, R1 and L are the radii of the mirrors and their distance, respectively.
The TEM00 mode is most often4 used for frequency stabilization. For application as fre-
quency reference, the resonance frequencies of the TEMmn modes should be well separated
since modes in the vicinity of TEM00 can affect the locking point of the laser frequency. For
a given cavity the coupling efficiency depends mainly on the mode matching to the TEMnm
modes. Useful formulas for the transverse mode expansion amplitude in case of several align-
ment errors have derived [84]. In practice, the mode matching is optimized by maximizing the
coupling to the TEM00, whereby the coupling to the TEMnm vanishes.
3.3 Pound-Drever-Hall stabilization
As summarized in the previous section, an optical resonator defines a regular series of reso-
nances that can be as narrow as 10kHz separated by the free spectral range of 1.5 GHz for
a 10 cm long cavity. This section briefly introduces a method for laser frequency stabiliza-
tion to the center of such a resonance, known as Pound-Drever-Hall (PDH) stabilization [80].
Detailed descriptions of the PDH technique can be found in literature [41, 74, 85].
3.3.1 Principle
A setup for PDH stabilization is illustrated schematically in Fig. 3.3. The Pound-Drever-Hall
stabilization technique is a phase modulation spectroscopic method. The modulation fre-
quency is much higher than the linewidth of the cavity resonance, such that the sidebands
4Higher order modes were investigated because of the larger beam diameter on the mirror (that scales with√
m+n) and correspondingly expected lower thermal noise [83] (cf. Sec. 3.4).
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cavity transfer functions (Eq. (3.2)). The field reflected by the cavity is described by











where hr(ω) is given by Eq. (3.2a).
The resulting signal, i.e. photo current, on the photo-detector is proportional to the optical
power (∝ E∗r Er)
SPDH ∝ J20 (β )|hr(ω)|2 + J21 (β )|hr(ω +ωm)|2 + J21 (β )|hr(ω−ωm)|2
+ J0(β )J1(β ) [hr(ω)h∗r (ω +ωm)−h∗r (ω)hr(ω−ωm)] e−iωmt
+ J0(β )J1(β ) [h∗r (ω)hr(ω +ωm)−hr(ω)h∗r (ω−ωm)] eiωmt
(+terms at 2ωm),
(3.10)
where the first terms at DC correspond to the power in the reflected carrier and sidebands, re-
spectively. For calculation of the error signal it is sufficient to consider only the first sidebands
of Eq. (3.9) since the modulation index is on the order of 15.
The error signal is obtained by demodulation of Eq. (3.10) at ωm. Considering only terms
oscillating at ωm Eq. (3.10) can be rearranged6 to
SACPDH ∝ 2 J0(β ) J1(β ) Re{ hr(ω)h∗r (ω +ωm)−h∗r (ω)hr(ω−ωm)} cosωmt
+2 J0(β ) J1(β ) Im{ h∗r (ω)hr(ω +ωm)−hr(ω)h∗r (ω−ωm)} sinωmt . (3.11)
Technically, the PDH error signal is obtained by multiplying the RF-signal described by
Eq. (3.11) with an RF-signal sin(ωmt +φ) using a double balanced mixer and subsequent
lowpass filtering. By adjusting the phase φ the in-phase or out-of-phase signal, depicted in
Fig. 3.4 can be extracted. Fig. 3.4 (left) shows the out-of-phase signal with a steep slope at line
center which is used as error signal for stabilization of the laser frequency to the center of the
cavity.
3.3.3 PDH signal slope and shot noise limit
The potential frequency stability achievable with the PDH technique can be estimated from
the slope of the error signal and the detection noise as introduced in Sec. 2.3. The slope of the
5It is possible to make use of a 3 f demodulation technique [86], where the PDH signal is obtained by demodu-
lation of 3.9 at 3ωm. Here a modulation index on the order of 4 is required to optimize the error signal. The
advantages of this technique are; that the signal is less sensitive to residual amplitude modulation which is less
prominent at 3ωm then at ωm and that the signal is shifted to higher frequencies where excess noise of the laser
is lower. This way, the signal-to-noise can be better than for 1 f demodulation.
6using Ae−iωmt +A∗eiωmt = 2Re{A}cos(ωt)+2Im{A}cos(ωt)
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Towns limit (cf. Eq. (2.3)) of the free-running laser for sufficient gain of the feedback loop.
The optical power is usually restricted to less than hundred µW, due to the large power
build up inside the cavity and damage threshold of the mirror coatings. This power level
is a compromise between shot noise limited detection determined by the photo detector and
heating of the cavity caused by residual absorption in the coatings. Using Eq. (3.15) for λ =
1064 nm and modest parameters of Popt = 10 µW, ∆νcav. = 10 kHz and η = 0.2, the shot noise
limited frequency noise floor calculates to Smin.ν = 1.5 mHz/Hz
1/2. The shot noise limited noise
floor, however, is covered by another fundamental noise floor known as thermal noise which
is introduced in the next section.
3.4 Thermal noise in optical cavities
When locked to an optical resonator, the relative frequency instability of a laser is proportional
to the relative length instability of the resonator, i.e. δν /ν = δL/L. To reach a fractional
frequency stability on the order of 10−15 the length variations for a 10 cm long cavity have to
be on the order the tenth of the proton radius [87].
The technical influences affecting the length of the cavity will be discussed in Sec 3.6.
However, even for a perfectly isolated cavity at constant temperature T there is a fundamental
limit. At constant temperature T the length stability of a resonator is limited due to inevitable
thermal fluctuations in the resonators mirror coating materials, mirror substrates and spacer
material. This was first calculated for the LIGO test masses in a direct approach [88] using the
fluctuation-dissipation theorem [89]






Here, Gx( f ) is the one-sided power spectrum of the displacement x at Fourier frequency f , kB
is the Boltzmann constant, T is the temperature, Wdiss is the average dissipated energy when
the periodic force F0 is applied to the system.
A model for the contribution of thermal noise form the different parts of a resonator on the
length stability was derived based on the dissipation-fluctuation theorem [83, 90]. The pre-
dictions by this model were experimentally verified in numerous works [75, 83, 90]. Refined
estimations of thermal noise, taking into account the mounting and support structure of the
cavity can be found in [91].
The individual contribution in terms of one-sided power spectral density of the displace-
ment noise, given in m2/Hz, caused by thermal fluctuations in the mirror coating, the mirror
substrates and the spacer material can be calculated via [90]:
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Parameter Definition Parameter Definition
kB Boltzmann constant w0 Beam radius
T Temperature L Length of the spacer
φx = 1/Q Specific loss angles R Radius of the spacer
σ Poisson’s ratio Q Mechanical quality factor
E Young’s modulus d Coating thickness
Table 3.1: Summary of the parameters in Eqs. (3.17a) to (3.17c).
























with the parameters listen in Tab. 3.1. The total thermal noise is given by the sum8
Gtot.( f ) = 2 Gspa( f )+∑
1,2
[Gsub( f )+Gcoat( f )+GT E( f )+GTO( f )] , (3.18)
where the contribution from the mirrors can differ by the beam radius for an asymmetric
cavity. The last two terms take into account thermo-elastic and thermo-optic noise [92] which
are negligible for the resonator used in this thesis. The power spectral density of frequency
fluctuations, in Hz2/Hz, caused by thermal noise for a laser at optical frequency ν stabilized
to an optical cavity of length L is obtained form
Gνtot.( f ) =
ν2
L2
Gtot.( f ). (3.19)
Eq. (3.19) shows that the thermal noise decreases for longer cavities, however longer cavities
become more susceptible to vibrations so that the length is usually restricted to below 0.5 m.
The thermal noise for the cavity used in this thesis is calculated in Sec. 3.5.1 and experimental
results are shown in Sec. 3.7.
3.5 Experimental setup
The experimental setup of the cavity references laser system consists of three parts as shown
in Fig. 3.5 that are described in more detail in this section.
8Gspacer( f ) being the thermal noise at one end of the spacer and is multiplied by a factor 2.
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Figure 3.6: CAD-drawing of the
ULE cavity. The cavity is made of
a 77.5 mm long spacer made of an
ultra low expansion glass ceramic
(ULE) and high Finesse mirrors
made from the same material. The
cavity is mounted at its midplane,
i.e. with vertical optical axis. This
way vertical vibrations stretch and
compress the upper and lower part
of the cavity by the same amount
keeping the mirror distance, i.e. the
resonance frequency insensitive to
vertical accelerations.
Property Term Value
Spacer length L 77.5 mm
Mirror1 ROC 0.5 m
Mirror2 ROC ∞
Finesse F 300 000
FSR∗ c/2L 1.933 246 980 GHz
Separation TEMmn modes νnm 250 MHz
Cavity linewidth ∆νcav. 6 kHz
Beam radii wplane 247.6 µm
wcurved 269.3 µm
Coupling efficiency∗ η 60 %
Spacer material ULE
Mirror substrate material ULE
Coating material SiO2/Ta2O5
Thermal noise floor σ(τ) 1.06×10−15
Table 3.2: Selected properties of the
ULE cavity used in this work. ROC:
radius of curvature.
∗measured values.
Relevant features of the cavity are summarized in Tab. 3.2. The cavity is rather short to keep
the vibrations sensitivity low. Today, cavities with more courageous lengths of 390mm [95]
or 210mm [77] are used making use of Eq. (3.19) and correspondingly lower thermal noise.
Vibration sensitivity The idea of the vertical mounting is to reduce its vibration sensitivity.
The cavity is supported exactly at its midplane such that vertical accelerations lead to symmet-
ric stretching and compression of the upper and lower halves of the cavity9 [98]. This way, the
relative motion of the mirrors is highly suppressed and the acceleration sensitivity of the res-
onator is reduced. Finite-element analysis for a 10cm long cavity predict a residual sensitivity
9A similar reduction of sensitivity can be achieved by supporting a horizontally mounted cavity in its Airy points
[96]. Measurements confirmed levels of 3×10−12 m/s2 for a 100 mm ULE cavity [97] and 5×10−11/g for a
390mm long ULE cavity [95].
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of 7× 10−11/g caused by bending of the mirrors10 [96] corresponding to 20kHz/g frequency
change at 1064nm. This was confirmed by a measured sensitivity of 30 kHz/(m s−2) [93] with
an identical cavity to the one used in this setup and the horizontal acceleration sensitivity was
measured to 10 kHz/(m s−2) [93].
In this setup, the resonator is supported by three 40 mm long Teflon posts (see Fig. 3.7)
to damp horizontal excitations. Vertical vibrations are suppressed by a commercial, passive
vibration isolation system described in Sec. 3.5.2.
Thermal expansion The ULE material possesses a zero thermal expansion coefficient at a
temperature Tzero around room temperature [99], at which the spacer length is insensitive to
small variations of its temperature. Sec. 3.6.1 presents the thermal expansion properties of this
cavity. The coatings of the mirrors are made of about 40 alternating layers of SiO2 and Ta2O5
with CTEs of αTa2O5 = 5(1)×10−6/K and αSiO2 = 5.5×10−7/K [100].
Thermal noise The thermal noise floor of the cavity is estimated to 1.06× 10−15 using
Eqs. (3.17a) to (3.17c). A breakdown of the contribution from the spacer, the mirror substrates
and the mirror coatings is given in Tab. 3.3. Although these calculation do not take into account
the shape of the spacer material, the results are in good agreement with the experimental
results, cf. Sec. 3.7. The dominant contribution to thermal noise of the cavity stem from the
mirrors, i.e. substrate and coating.
A reduction of thermal noise by almost one order of magnitude is possible by replacing the
ULE mirrors by mirrors made from fused silica11 with coatings made from AlGaAs, which has
lately been demonstrated to greatly reduce the thermal noise even at room temperature [102].
The potential thermal noise floor for a such modified cavity is also calculated and shown in
Tab 3.3.
In order to reach the thermal noise floor of 1.06×10−15 the cavity has to be protected from
environmental influences as described in the next section.
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Cavity component Displacement noise Allan deviation Contribution
1×10−17 m/Hz1/2 (×10−16) (%)
Spacer 0.20 0.31 (0.09)
Substrate ULE cm 3.57 5.42 26
Substrate ULE pm 3.72 5.66 28
Coating dielectric cm 3.19 4.85 21
Coating dielectric pm 3.47 5.27 25
Total 6.99 10.6 100
Spacer 0.20 0.31 2
Substrate FS cm 0.85 1.28 26
Substrate FS pm 0.88 1.34 28
Coating AlGaAs cm 0.75 1.14 20
Coating AlGaAs pm 0.81 1.24 24
Total 1.66 2.52 100
Table 3.3: Breakdown of contributions of spacer, mirror substrate and coating to the thermal noise
of the ULE cavity used in this thesis (upper part) and modified cavity with FS mirror substrates with
AlGaAs coatings (lower part). cm (pm) means curved (plane) mirror. The values where calculated using
Eqs. (3.17a) to (3.17c). The material properties used are QULE = 6.1×104, σULE = 0.18, QFS = 1×106,
σFS = 0.20, EULE = 67.6 GPa, EFS = 73 GPa, Rspacer = 5 cm, Lspacer = 77.5 mm, ddielectric = 10 µm, dAlGaAs
= 10 µm, φdielectric = 4×10−4, φAlGaAs = 2.5×10−5, wplane = 248 µm, wcurved = 269 µm and T = 295.15 K.
Figure 3.7: Photograph of the ULE
cavity mounted on the baseplate
of the thermal shields. The cavity
spacer as well as the cavity mir-
rors are made from ULE (Corn-
ing). The 77.5 mm long, vertically
mounted cavity is supported by three
Teflon rods. The thermal shields are
mounted kinematically on the glass
spheres for thermal isolation [103]
and the baseplate of the aluminum
vacuum chamber is mounted on six
Peltier elements on top of a copper
plate serving as heat sink.
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Figure 3.8: Photograph of the ULE reference cavity setup. Left: with the vacuum chamber and heat
shields removed. Right: Vacuum chamber covered by a foam block and Mylar foil. The setup rests on
a vibration isolation platform (650BM-1, MinusK ). Laser light is fiber coupled to a breadboard, where
the beam is mode matched to the cavity and the PDH signal is detected. The laser beam is coupled
vertically into the vacuum chamber. The vacuum chamber is mounted on six Peltier-elements on a
copper plate elevated by stainless steel posts. The lower part of the vacuum chamber comprises a 20 l/s
ion pump, a pressure gauge, a valve and a window for optical access. The upper part of the vacuum
chamber contains the cavity in two nested thermal shields, cf. Fig. 3.9.
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3.5.2 The vacuum chamber
In order to suppress thermal fluctuations and to evacuate the space between the mirrors, the
cavity is placed in a vacuum chamber. The vacuum chamber is made of a self designed part
containing the optical cavity and several standard CF vacuum parts connecting an ion pump,
pressure gauge and valve (Fig. 3.8). The self designed part is made of aluminum, for good
thermal conductivity, and is temperature stabilized to the zero expansion temperature Tzero of
the ULE cavity. A massive copper plate serves as heat sink for temperature stabilization of
the vacuum chamber. Optical access to the cavity is provided by AR coated windows on the
bottom and top on the vertical axis of the vacuum chamber that are tilted by few degrees with
respect to the optical axis to avoid parasitic etalons (Fig. 3.9). The window at the bottom is
used to couple the laser beam to the cavity, the upper window is used to monitor the cavity
modes with a CCD camera during initial alignment and to measure the transmitted power in
final operation. It is important to control or dump the light transmitted by the cavity, because
on resonance the cavity is fairly transparent so that uncontrolled stray light can reach the PDH
detector and disturb the PDH lock.
A 20 l/s ion pump (VacIon Plus 20 StarCell, Varian Technologies) evacuates the vacuum
chamber to 2× 10−7 mbar12, eliminating thermal convection and reducing pressure induced
frequency shifts. The ion pump is well separated from the cavity behind two 90◦ kinks in CF
part, so that the cavity has no direct field of view to the ion pump avoiding heating due to
thermal radiation from its heated filaments.
Inside the vacuum chamber two thermal shields made from 5 mm stainless steel, mounted
on glass spheres, suppress residual thermal fluctuations of the temperature stabilized vacuum
chamber (Fig. 3.9). The design of the kinematical mounting of the thermal shields was adopted
from a design by Alexander Senger [103].
The upper part of the vacuum chamber is covered by a block of polyurethane foam, wrapped
in Mylar foil, to protect it from convection. Temperature control is realized by single point
control using a Platinum sensor (pt100) attached to the baseplate of the aluminum vacuum
chamber. Temperature readout is done in an analog 4-wire configuration. An analogue PDI






where ρ and E are the mass density and the electric modulus of the material, g is the gravitational acceleration
and L the length of the spacer. This corresponds to 160 kHz/g at 1064nm.
11Replacing the ULE mirrors with FS mirrors is known to shift Tzero by O(−10◦C) according to




where R is the mirror radius, L the spacer length, δ describes the thermo-mechanical stress affecting the cavity
length and Γ accounts for additional effects [99]. This would slightly complicate temperature stabilization to
Tzero because of condensation and potential temperature gradients. However, designs to compensate the shift
associated with the change of mirror substrate material were worked out [101].
12The chamber was not baked out and has a couple of Viton sealing so that the pressure is not in the UHV. A
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vibrations are damped by a passive vibration isolation platform (VIP) (650BM-1, MinusK),
which suppresses accelerations above a frequency of 0.5 Hz13. The acceleration noise on the
VIP in comparison to the noise on the floor of the laboratory is shown in Fig. 3.11. Since the
horizontal resonance frequency of the VIP is lowest close to it’s maximum load of 309 kg,
two plates of lead with a total mass of 120 kg are added under the optical breadboard. On
top of the lead plates rests the optical breadboard (M-RG-22-4, Newport) with dimensions
60cm × 60cm, on which the PDH optics mounted (Fig. 3.8).
Acoustic isolation enclosure The whole setup is placed in an acoustic isolation enclosure
to protect the setup from airborne acoustic vibrations and to mitigate temperature fluctuations
in the laboratory and air currents that lead to beam pointing fluctuations. The home-made
wooden box has dimensions of 1.2×1.2×1.2m3, with lead foil and acoustic-damping foam
glued to the inside of the walls. The box itself rests on a 5cm thick layer of polyurethane foam.
3.5.3 The laser system
The laser system consists of a Nd:YAG laser (M126-1064-100, JDSU) operating at 1064 nm,
an optical isolator and optics to collimate and split the laser beam. Part of the laser beam is
used for measurement of the laser frequency noise (as described in Sec. 2.4) and a few mW are
coupled to the PDH setup via a polarizing maintaining single mode fiber (cf. Fig. 3.5). Thin
glass sheet polarizer (VISIR CW02, Codixx) before and behind the fiber ensure a clean linear
polarization and FC/APC connectors are used to avoid etalons from the end facets of the fiber
link.
Fibers are sensitive to mechanical stress and can pick up several radians of phase noise to
the transmitted lasers beam. In this configuration, the fiber induced noise is imprinted on the
laser by the frequency servo loop and shows up in the frequency measurements that are done
before the fiber. Fiber noise cancellations schemes [106] are employed to obviate this effect,
however for this setup the fibers are simply guided through metal pipes to protect them from
airborne and ground-based vibrations and air currents. It was also found good practice to bend
the fiber in a few loops wherever possible instead of having straight lines of fiber. This reduced
frequency shifts when touching the fiber from a few hundred hertz to a few hertz. A modular
fiber noise cancellation setup was realized within this work (see Appendix C) that could be
integrated in the setup when necessary.
The phase modulation for PDH stabilization of the laser is realized by driving a resonance
of the Nd:YAG crystal via the shear PZT attached to it with a function generator (33522A,
Agilent Technologies) that is phase locked to a 10 MHz reference. Here, a resonance at
ωm/2π = 486.672 kHz was chosen that showed minimum residual amplitude modulation.
At the PDH setup, the laser beam is mode matched to the TEM00 mode of the cavity by
a two lens telescope and between 10 µW and 60 µW are coupled to the cavity. The coupling
efficiency to the TEM00 mode is 60%. The light reflected from the cavity is separated using a
13Another approach to tackle vibration induced frequency noise, besides designing vibration insensitive cavities
geometries and using vibration isolation systems, is the real-time cancellation of the vibration induced phase-
noise [105].
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quarter-wave-plate and a polarizing beam splitter and is focused onto a photo-detector (from
now on PDH detector). The light inside the cavity is circular polarized due to the quarter-
wave-plate.
The electric signal from the photo detector is split into the DC-part and AC-part by means
of a bias-tee. The DC-part is used for power monitoring and the AC-part is amplified (ZFL-
500LN, Minicircuits) and send to the PDH servo electronics. At the servo electronics, part of
the RF signal is split off by an RF-coupler (ZFDC-10-6, Minicircuits) for monitoring. Phase
sensitive detection of the PDH signal is implemented by multiplying the AC-signal with an
RF-signal sin(ωmt +φ) using a double-balanced mixer (ZFM-3, Minicircuits) and a second
function generator phase locked to the first. The output of the mixer provides the PDH error
signal that is adjusted by means of the relative phase φ between the modulator and demod-
ulating signal (cf. Fig. 3.4). The signal is low-pass filtered (SLP-1.9, Minicircuits) and fed
to a home-made servo filter (detailed in Appendix D.4). The feedback loop to the laser fre-
quency is closed via (i) the shear PZT that is also used to modulate the laser frequency, the two
signals are added in a home-made bias tee, and (ii) via the temperature of the NPRO crystal.
The PZT provides fast frequency control with a bandwidth of few 10kHz, a tuning coefficient
of 2 MHz/V and a dynamic range of ±20MHz and the NPRO crystal temperature provides
slow frequency control with a large dynamic range of several GHz with a tuning coefficient of
6 GHz/K and a bandwidth below 1Hz.
Before the frequency stability achieved with this setup is detailed in Sec. 3.7, the influences
of environmental perturbations are discussed in the following section.
3.6 Systematic influences
This section reports on the contribution of fundamental and systematic influences on the fre-
quency instability of the ULE cavity stabilized laser system. Fundamental limitations are the
thermal noise floor and isothermal creep of the ULE material. The main environmental in-
fluences that actually shift the resonance frequency are associated with residual temperature,
laser power and pressure fluctuations. Systematic effects that shift the lock point from the line
center are residual amplitude modulation and electronic offsets in the PDH electronics. Their
investigation aims to identify limiting noise sources of the setup also below the thermal noise
floor of the ULE cavity, since the setup can be used with an upgraded cavity with thermal noise
floors at 2×10−16 level (Tab. 3.3).
3.6.1 Zero-expansion temperature of the ULE cavity
The full benefit of ULE material is available, when the resonator is kept a its zero thermal
expansion temperature Tzero. This temperature depends on the batch of ULE material and on
the assembly of the cavity and therefore needs to be determined individually for each resonator.
Here, Tzero was determined from a beat-note measurement between two lasers locked to the
ULE cavity and to an iodine reference, respectively, while the temperature of the ULE cavity
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Figure 3.20: Time-records of the beat-note between two lasers locked to the ULE cavity and an iodine
reference, respectively. Left: In 2011, the beat frequency shows a constant linear drift of −46 mHz/s over
a time-span of 15 days, interrupted by re-locking and modifications to the iodine setup. Right: In 2014,
the beat frequency shows a constant linear drift of −41 mHz/s over a time-span of 50 days, interrupted
by re-locking and modifications to the iodine setup.
3.8 Conclusion
A cavity stabilized laser system at 1064 nm was realized based on a vertically mounted optical
high Finesse cavity, that is made from an ultra-low expansion material. A specialized setup
was realized, that features a home-made vacuum chamber with temperature control tailored to
the zero-expansion temperature of the cavity.
The frequency stability of the laser system was investigated in detail and was found to be
limited by the fundamental thermal noise floor of the cavity, in agreement with the calcula-
tions. The fractional frequency instability was determined to below 2× 10−15 at averaging
times between 1 s and 10 s. Thanks to the high thermal stability of the setup, the long-term
stability was shown to be limited mainly by isothermal creep of the cavity material with drift of
≈50 mHz/s corresponding to a fractional drift rate of 1×10−16/s. It was further shown, that the
setup allows for laser frequency stabilization to fractional frequency instabilities of 2×10−16
with an appropriate cavity and ways to further reduce systematic effects were pointed out and
the necessary systems, e.g., for laser power stabilization (Sec. 5.7), residual amplitude modu-
lation control (Sec. 5.9) or fiber noise cancellation (Appenidx C) were developed in this work.
This stability, however, can only be achieved by reducing the thermal noise floor, which can be
done three ways; (i) cooling the cavity to cryogenic temperatures [77], (ii) increase the length
of the cavity [95], (iii) new substrate and coating materials with lower loss [102]. While the
first two are not applicable in this setup, the later is promising for a reduction of the thermal
noise floor. And corresponding modifications were presented with basic calculations showing
a possible performance of 2.5×10−16.
With the current cavity, the system fulfills the requirements on frequency stability for pro-
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posed space born gravitational wave observatories like LISA and Earth observation missions
like GRACE-FO with a margin of one order of magnitude. It therefore constitutes a useful
optical ground support system for the characterization of new frequency references like the
iodine references presented in the following chapters and was used for the characterization
of piezo-electrically tunable resonators required by one possible LISA configuration [113]. In
this work, the setup serves as frequency reference at 1064 nm for the investigation of the iodine
stabilized laser systems presented in the next chapters.
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4 Molecular iodine as absolute optical
frequency reference
4.1 Introduction
Optical transitions in molecular iodine are used in this work as frequency references for laser
frequency stabilization to provide the frequency stability required by future space missions.
These transitions feature natural linewidth below 300 kHz [60, 114] in the B-X system of 127I2
at 532 nm that is the second harmonic of Nd:YAG lasers, which are the baseline for several
upcoming space missions. The transition frequency is probed by passing laser beams through
a gaseous sample of molecular iodine. The relentless thermal motion of the molecules in gas
leads to Doppler broadening of the observed spectra that is about three orders of magnitude
broader than the natural linewidth of the transition. Doppler-free nonlinear spectroscopy meth-
ods were developed and awarded with the Nobel Prizes in physics to N. Bloembergen and A.
Schawlow in 1981. These methods are employed to resolve the hyperfine spectrum, and, com-
bined with frequency modulation techniques, to generated signals that are particularly suitable
for laser frequency control enabling fractional frequency stability at the 10−15 level.
The theoretical description of nonlinear laser spectroscopy has been the subject of intense
studies since the advent of the laser and is discussed in great detail elsewhere. An overview of
various spectroscopy methods and detailed introductions to Doppler-free spectroscopy tech-
niques can be found in textbooks, e.g., [115–117]. Therefore, this chapter confines to sum-
marize the most important aspects relevant to the application of laser spectroscopy for the
realization of an absolute optical frequency reference.
Frequency standards based on Doppler-free spectroscopy of molecular iodine were real-
ized at various wavelength and investigated in depth in several metrology institutes around the
world and are widely used in laboratories as working standards for, e.g., length metrology.
Accurate measurements of the absolute frequency of rovibronic transitions were performed in
particular at wavelengths accessible with Ar+ lasers at 501 nm [118] and 514 nm [119]. With
the advent of the Nd:YAG NPRO laser at 1064 nm [66] a particularly suitable laser with excep-
tional intrinsic frequency stability became available that gives access to transitions at 532 nm
via second harmonic generation [58]. In particular, the absolute frequency of the transition
R(56)32-0 was determined [120, 121] and is one of the most prominent lines used for stabi-
lization of Nd:YAG lasers. Several rovibronic transitions in molecular iodine were adopted
and recommended by the Comité International des Poids et Mesures (CIPM) as practical real-
ization of the definition of the metre [122]. In combination with a frequency comb, an optical
molecular iodine clock was realized by Jun Ye et al. based on a transition at 532 nm probed
by a Nd:YAG laser with an instability of 4.6×10−13 over one year [62].
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into hyperfine sublevels indicated on the right.
Following the Born-Oppenheimer approximation [123] the contributions from the electronic
wave function and those from vibration and rotation of the nuclei will be introduced separately
in the following sections. A detailed introduction to molecular physics and diatomic molecules
can be found, e.g., in [123].
4.2.1 Electronic states
Molecular iodine is a diatomic molecule, which possesses a cylindrical symmetry and a quan-
tization axis z that goes through the two nuclei. Its electronic states are labeled by a term
symbol 2S+1Λ±
Ω(u,g), with nomenclature from [123].
• The quantum number Λ corresponds to the projection of the total orbital angular mo-
mentum L of the electrons on the quantization axis z.
The orbital angular momenta of the individual electrons li are quantized with respect to
the molecular axis z with components λi and couple to the total orbital angular momen-
tum L. Thus, Lz=±Λh̄, with Λ = |∑λi|. In contrast to L, Λ is a good quantum number
which takes the values Λ = 0, 1, 2, 3, . . . labeled Σ, Π, ∆, Φ, . . . .
• ‘g’ (gerade) or ‘u’, (ungerade) labels the parity of the orbital wave function.
The charge density does not change if all coordinates of the electrons are inverted with
respect to the center of the molecule and the corresponding wave function has an even
or an odd symmetry (parity) indicated by a ‘g’ or ‘u’, respectively.
• In the case of a small interaction between the spin and the orbital angular momentum,
the spins couple vectorial to the total spin S with quantum number S = ∑mSi . The total
spin S precesses around the quantization axis. Its projection along z is Sz = h̄Σ, with
quantum numbers labeled Σ which can take on all integral values from S, S-1,. . . , to -S.
The quantum number S determines the multiplicity (2S+1) for each state described by
Λ. The multiplicity is given in the upper left of the term symbol.
• Ω denotes the quantum number of the total electronic angular momentum of the elec-
tronic state along the quantization axis.
As a result of magnetic spin-orbit coupling between L and S each term with particular
quantum number Λ splits into a multiplet of 2S+1 terms.
• ‘±’ denotes the symmetry of the electronic wave function of the molecule.
The symmetry of the iodine molecule requires the spatial density of the electronic charge
distribution of the molecule to be symmetric with respect to any mirror plane containing
the centers of both nuclei. Consequently, the symmetry of the electronic wave function
can be either even or odd which is indicated by ‘+’ in the symmetric and a ‘-’ in the
anti-symmetric case, respectively.
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The optical transitions used in this thesis occur between the ground state labeled X 1Σ+g and
the second excited state B 3Π+u .
4.2.2 Rovibrational structure
The diatomic molecules in a thermal gas vibrate and rotate resulting in the rovibrational struc-
ture of the electronic states indicated in Fig. 4.1. In the Born-Oppenheimer approximation,
the wave functions of the electrons and the nuclei are separated and the contribution of the
motion of the nuclei to the total energy depends only the distance R between the nuclei. The


















ψ(R) = Ev,rψ(R), (4.2)
where mr is the reduced mass, J the quantum number of angular momentum, V (R) the potential
energy and ψ(R) describes the wave function of the relative motion of the two nuclei. Eq. (4.2)
can be solved, where V (R) can be approximated by the Morse potential [124]






described by the dissociation energy De and the harmonic vibration wavenumber ωe, here in
spectroscopic units (cm−1) [123]. Solving Eq. (4.2) leads to vibrational eigenvalues of the
anharmonic oscillator
Evib(ν) = ωe (ν +1/2)−ωexe (ν +1/2)2 + . . . , (4.4)
where ν denotes the vibrational quantum number and xe is the vibrational anharmonicity con-
stant.
Each vibrational state is accompanied by a number of rotational states as indicated in
Fig. 4.1. For quantitative calculations, the anharmonicity of the potential V (R) and coupling
between vibrational and rotational states has to be taken into account, as discussed in text-
books [123]. By taking the diatomic molecule as a nonrigid rotator, the quantized energy for
the rotational states including centrifugal distortion correction can be calculated to
Erot(J) = BνJ(J+1)−DνJ2(J+1)2 + . . . , (4.5)
with
Bν = Be−α(ν +1/2)+ . . . (4.6)
Dν = De + . . .
with rotational quantum number J and the rotational constants Be again in cm−1.
The spectroscopic constants can be found in literature [124] and are given in Tab. 4.1 for
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State ωe ωexe Be αe De re
(cm−1) (cm−1) (cm−1) (cm−1) (106 cm−1) (Å)
1Σ+g 241.50 0.61 0.03737 0.000114 0.0043 2.666
Table 4.1: Spectroscopic constants of iodine 127I2 taken from [124].
iodine 127I2.
Rovibrational levels in exited and ground state are labeled by their quantum numbers ν and
J with a prime (ν ′,J′) or double prime (ν ′′,J′′), respectively. Vibrational levels of the iodine
molecule are separated by ≈ 6 THz in the X state and by ≈ 4 THz in the B state and rotational
levels are separated by ≈ 3 GHz [125].
The population of rovibrational sates is governed by the Boltzmann distribution. The ther-
mal energy kBT at room temperature corresponds to 6 THz and only the four lowest vibrational
levels in the electronic ground state are populated and up to 200 rotational states are populated
with a maximum at J′′ = 52.
With about 80 accessible vibrational levels in the excited state, molecular iodine features
a dense spectrum of about 60 000 fine structure transition in the B-X system in a spectral
region between 500 nm and 905 nm. Doppler-broadened absorption lines between 500 nm and
905 nm are listed in atlases by Gerstenkorn et al. [126, 127] and an atlas of Doppler-free lines
in the same spectral range was established by Kato et al. [128].
4.2.3 Hyperfine structure
The hyperfine structure (HFS) results from electric and magnetic interactions between the two
nuclear moments and the electrons. The hyperfine interaction further splits the rovibrational
levels into hyperfine sub-levels, as indicated on the right in Fig. 4.1. The nucleus of 127I has
a spin of 5/2. The total nuclear spin of a 127I2 molecule can take on the values I = 0, 1, 2, 3, 4
and 5. The coupling of the nuclear spin I and the molecular angular momentum J gives the
total angular momentum F = J + I. For each I and J, the quantum number F can take on the
values of |J + I|, |J + I - 1|,. . . |J - I + 1|, |J - I|. The hyperfine interaction between the nucleus
and the surrounding charge distributions breaks the degeneracy on I and F, resulting manifold
hyperfine levels.
Since the two nuclei are fermions the Pauli-principle applies, i.e., the total wave function
of the molecule, made up of the spin wave function, the spatial wave function and the rota-
tional wave function, must be antisymmetric under exchange of the nuclei. Therefore, for an
electronic state with even parity, like the ground state X, a symmetric wave function of the
nuclear spin requires and odd rotational wave function and vice versa. The nuclear spin wave
function of the iodine molecule is anti-symmetric for I = 0, 2, 4 and symmetric for I = 1, 3, 5.
Consequently, the ground state in molecular iodine 127I2 splits into
∑I=0,2,4 (2I +1) = 15 hyperfine levels for even J
′′ and
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The hyperfine interaction can be described with an effective hyperfine Hamiltonian devel-
oped by Broyer et al. [129]
Hh f s = HEQ +HSR +HSSS +HT SS, (4.8)
where HEQ is the electric quadrupole interaction, HSR the spin rotation interaction, HSSS the
scalar spin-spin interaction and HT SS is the tensor spin-spin interaction. The corresponding
matrix elements can be found in literature [129]. The effective Hamiltonian allows to describe
the complex HFS by a set of hyperfine parameters. Using interpolation formula derived from
experimental observations, the HFS can be calculated with an uncertainty below 30 kHz in a
spectral region between 514 nm and 820 nm [130] and below 1 kHz for particular transitions
at 532 nm [60]. A comprehensive study of hyperfine spectra in the region between 498 nm and
532 nm can be found in [131].
4.3 Optical transitions in molecular iodine
When absorbing a photon at 532 nm, the iodine molecule makes an electronic transition in the
B← X band system from the lower ground state X to the second excited state B whereby it
also changes its vibrational and rotational state. A vertical arrow in Fig. 4.1 indicates such a
transition between rovibrational levels (ν ′′,J′′) in the ground state X and (ν ′,J′) in the second
exited state B. The spectrum of molecular iodine shows a manifold of transitions between
rovibrational levels (ν ′′,J′′) and (ν ′,J′) in the B ← X system, according to the following
selection rules. See, e.g., [123, 125] for a details.
The selection rule for the rotational quantum number is ∆J = J′− J′′ = ±1 (∆J = +1: R-
branch, ∆J =−1: P-branch and ∆J = 0: Q-branch1). The selection rules for the electric dipole
transitions between hyperfine levels in the B← X system further demand [132]
∆Λ = 0,±1 , ∆Ω = 0,±1 ,
± ↔ ± , and
g ↔ u.
The optical transitions investigated in this thesis occur between the ground state labeled X 1Σ+g
and the second excited state B 3Π+u . The rovibronic transitions in the B←X system contain
15 (21) hyperfine components for even (odd) J′′. The transitions are labeled with ∆J(J′′)ν ′−
ν ′′. The transition predominantly used in this work is the transition R(56)32-0. It shows 15
hyperfine components labeled a1 to a15, cf. Fig. 4.2. The absolute frequency of the component
a10 of the transition R(56)32-0 was adopted by the CIMP. It is 563 260 223.48 MHz, which
corresponds to a wavelength of 532 245 036.14 fm [122]. The frequency difference between
the a1 and a15 component is 858 MHz [59].
In conclusion, molecular iodine provides hyperfine spectra as shown in Fig. 4.2 accessible
1There is no Q-branch in the B← X system since there is no angular momentum parallel to the internuclear axis
for the X and the B states.
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The frequency shift for transitions between magnetic sublevels M′′→M′ observed with circu-
lar polarized light follows from Eq. (4.10)
∆νZ = [(g′′F ′′I−g′F ′I)M′′±g′F ′I]HµNh−1 +∆kH2h−1, (4.13)
where +(-) corresponds to the R(P) branch, respectively [134]. Rotational g-factors were de-
termined at various wavelength and are reported in [134–136, 138] and ∆k was determined to
-0.25 Hz/G2 [134].
From their results, Goncharov et al. deduce that magnetic fields of the order of 1 G may
limit the frequency stability of an iodine reference, realized with circular polarized light, to
10−12, whereas the effect is below 10−15 for linear polarization [134, 135].
Stark effect Since the homo-nuclear iodine molecule has no permanent electric dipole, only
the quadratic Stark effect may be observed in strong fields caused by the induced dipole mo-











with the quantum numbers, J, M, F and D = F(F + 1)+ J(J + 1)− I(I + 1) and γ and α0,
the anisotropic and isotropic polarizability, respectively. Goncharov et al. investigated the
quadratic Stark effect in the B-X system at 514 nm with electric field strength up to 105 kV/cm.
From their results they conclude that electric fields below 30 V/cm will not effect the fractional
frequency stability beyond 10−15.
4.4 Doppler-free saturation spectroscopy
Out of the abundant spectrum of transition available in the B←X system discussed in the
previous sections only individual hyperfine components of the rovibronic transitions shall be
used for laser frequency stabilization. To this end, the molecular transition is probed by laser
beams in a thermal ensemble of iodine molecules kept in an absorption cell. The relent-
less thermal motion of the molecules in the iodine vapor and the associated Doppler-shift,
however, broaden the observed spectra to more than several hundreds of MHz, thus masking
hyperfine-structure. Here, Doppler-free saturation spectroscopy techniques are used to resolve
the hyperfine spectrum as briefly introduced in the following.
4.4.1 Density matrix and semi-classical description of spectroscopy
Doppler-free spectroscopy is dealt with in a semi-classical framework where the molecular
ensemble is treated quantum mechanical, while the optical fields are described classically by
Maxwell’s equations, see, e.g., [115, 117]. The molecules are approximated by an ensemble
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of quasi two-level systems with eigenengergies E1 and E2, that are described by 2×2 density
matrix. The center of the transition between the the two levels is ω0 = (E2−E1)/h̄. The
response of such a two-level system moving with velocity υ to an electromagnetic wave is
described by the equation of motion
ρ̇ = ih̄−1[H,ρ]− (Γρ +ρΓ)/2, (4.15)








In Eq. (4.15) Γ phenomenologically describes the decay from the two levels to other states of














where µ is the electric dipole operator.
From Eqs. (4.15), (4.17) and (4.18) follow the equations of motion of the matrix elements
ρ̇12 = (iω0− γ)ρ12− ih̄−1µE(t)(ρ11−ρ22), (4.19a)
ρ̇21 = (−iω0− γ)ρ21 + ih̄−1µE(t)(ρ11−ρ22), (4.19b)
ρ̇11 =−γ1(ρ11−ρ011)− ih̄−1µE(t)(ρ12−ρ21), (4.19c)
ρ̇22 =−γ2(ρ22−ρ022)+ ih̄−1µE(t)(ρ12−ρ21), (4.19d)
where
γ = (γ1 + γ2)/2 (4.20)
is the transverse relaxation rate, and ρ011, ρ
0
22 are the values of ρ11, ρ22 in the absence of the
optical field. Eqs. (4.19) may be solved in the rotating-wave approximation (RWA) and the
solutions are connected to the absorption and dispersion of the ensemble of quasi-two level
systems as follows.
The macroscopic polarization density induced in the molecular ensemble by the optical field
is related to the expectation value of the dipole moment operator and can be calculated from
the solution of Eqs. (4.19) in the RWA as
P =N ⟨Tr(µρ)⟩av. =N ⟨(µρ12 +µρ21)⟩av. , (4.21)
where N is the number density of the ensemble of molecules and ⟨ ⟩av. means averaged over
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the velocity distribution of the ensemble. The wave equation for an electromagnetic field in











In heterodyne saturation spectroscopy, discussed later, the total incident field E(t) consists
of two or more counterpropagating electromagnetic waves, with multiple frequencies and dif-
ferent field amplitudes and solution of Eqs. (4.19) can be found in a perturbative approach by
a series expansion in the incident field amplitudes [115].
The following discusses first some simpler case to derive some important relations. For a
single molecules at rest and monochromatic field E(t) = 12 E exp(iωt)+c.c., the steady state

























(ω−ω0)2 + γ2 + γτΩ2R
, (4.23c)
with the Rabi-frequency ΩR = µE/h̄, ∆ρ0 = ρ011− ρ022 caused by thermal excitation or any
pumping effect and
τ = (γ−11 + γ
−1
2 )/2, (4.24)
the longitudinal relaxation time.
Substitution of Eq. (4.23) in Eq. (4.21) gives the complex susceptibility χ(ω) = χ ′(ω)−





(ω−ω0)2 + γ2 + γτΩ2R
, (4.25)





α(ω) = kχ ′′(ω) . (4.26b)
With Eq. (4.25), the absorption coefficient for an ensemble of molecules at rest, but includ-
ing decay, is given by




(ω−ω0)2 + γ2 + γτΩ2R
, (4.27)
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which has a Lorentzian lineshape with a HWHM of
Γ =
√
γ2 + γτΩ2R. (4.28)




1+ I/Isat = γ
√
1+G, (4.29)










The formalism introduced in this section describes the response of the thermal ensemble of
molecules to the optical fields used in spectroscopy and gives the lineshape of the spectroscopy
signals. The following introduces Doppler broadening and next section the basic concept of
Doppler-free spectroscopy.
Doppler broadening The Doppler-effect leads to a substantial broadening of the spectra
observed in a gaseous sample of molecules. This inhomogeneous broadening originate from
the thermal motion of the molecules during interaction with the optical field.
Because of the linear Doppler-effect, a molecule with resonance frequency ωi =(E2−E1)/h̄
of the hyperfine spectrum, moving with velocity υ is resonant with a laser beam propagating
in the x-direction with angular frequency


















where υx is the velocity along the laser beam and υp is the most probable velocity of the
molecules. The Doppler-broadened absorption profile αi(ω) for a weak laser beam probing
a molecular ensemble at thermal equilibrium is obtained from convolution of the Maxwellian













which, in the Doppler-limit Γ≪ kυp, calculates to a Gaussian absorption profile [139]
αi(ω) = α0 exp(−(ω−ω0)2/σ2D) (4.35)
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Taking into account the absorption of the 15 hyperfine components of line R(56)32-0 at the










with the linear absorption coefficient αL =
√
πN∆ρ0µ2/ε0h̄υd .
For iodine vapor at 300 K and mI2 = 2×2.1073×10−25 kg the most probable velocity υp is
about 140 m/s and the Doppler-width σD amounts to 2π×470 MHz at 532 nm, which is about
three orders of magnitude larger than the natural linewidth of the rovibronic transitions and
larger than the hyperfine-splitting, cf. Fig. 4.2 and Tab. 6.1. Consequently, the Doppler-effect
masks the hyperfine structure of the rovibronic transitions. The linear Doppler-effect can be
overcome by Doppler-free saturation spectroscopy techniques that allows to resolve individual
components of the hyperfine structure.
4.4.2 Doppler-free saturation spectroscopy
To resolve the hyperfine structure, two counter propagating laser beams are used as depicted
in Fig. 4.3. A pump beam with intensity Ipu. ≥ Isat. and angular frequency ωpu. propagates in
the x-direction through the thermal ensemble of molecules with transition frequency ω0 and
burns a hole in the velocity distribution of the lower state of those molecules that fulfill the
Doppler condition
ωpu. = ω0 + kυ = ω0 + kυx , (4.39)
which is known as ‘Bennett hole’, indicated in Fig. 4.3. The weaker, counter propagating beam
is used to interrogate the Bennett hole. It is resonant with molecules that fulfill
ωpr. = ω0− kυ = ω0− kυx. (4.40)
and dip is observed in the absorption spectrum only when the frequency of the pump and probe
beam are resonant with molecules of the same velocity class, here υx = 0.
The velocity distribution of the molecular populations under the influence of the pump beam
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Reference Value
(kHz/Pa)
Fang et al. [141] 63
Fang et al. [142] 63 ± 2
Eickhoff et al. [60] 74
Arie et al. [143] 83
Table 4.2: Pressure broadening of
transition R(56)32-0:a10 at 532 nm in
molecular iodine observed in differ-
ent spectroscopy setups.
of the Lorentzian is given by the half-sum of the hole width burnt by the pump beam and the
homogeneous width that corresponds to the range of frequencies with which the probe beam
interacts.
4.4.3 Linewidth and broadening effects
For the application as a frequency reference the linewidth of the interrogated transition is of
major importance for the achievable frequency stability. The following discusses major effects
in the spectroscopic techniques that contribute to the total linewidth of the observed transition.
Natural linewidth A lower limit to the linewidth is given by the natural linewidth of the
transition, which is determined by the relaxation rates γ1 and γ2 from the involved states due
to spontaneous emission. The relaxation processes lead to natural linewidth
Γnat. = (γ1 + γ2)/2. (4.46)
For molecular iodine the rovibronic transitions at 532 nm have natural linewidth of 200 kHz to
300 kHz [140]. For the transition R(56)32-0:a10 a natural linewidth of 220 kHz (HWHM) was
reported in [114].
Collisional broadening Inelastic and phase changing collisions between molecules in the
thermal vapor increase the longitudinal and transversal relaxation rate and thus broaden the
Lorentzian linewidth. Since the rate of collisions is proportional to the gas pressure p the
pressure broadened linewidth can be written in the form [139]
Γp = Γnat. + kp p, (4.47)
with the phenomenological broadening coefficient kp. For molecular iodine the total pressure
broadening coefficient is on the order of 60 kHz/Pa, cf. Tab. 4.2, and the vapor pressure in the
absorption cell is of the order of 1 Pa.
Interaction time broadening Because of their thermal motion the molecules fly across the
Gaussian laser beam resulting in a line broadening caused by the finite interaction time of
the molecules with the beam and the curvature of the wavefront of the beam. The resulting
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Table 4.3: Estima-




setups in this the-
sis. Beam diame-
ter 3 mm, pressure




Broadening effect Dependence Value Ref.
(kHz)
























Collision kp p 46 [139]
Saturation broadening ×(1+
√
1+ PPs ) ≥×
√
2 [146]
broadening can be calculated to [139]
Γtof =
√
2ln2 υ (w−2 +w−2R )
1/2 with wR = Rλ/πw, (4.48)
where υ is the velocity of a molecule, w is the beam radius, R the radius of curvature of the
wavefront and λ the wavelength of the laser beam. The iodine molecule possesses a high mass
and thus low average velocities of the order of 140 m/s, resulting low time of flight broadening
below 20 kHz for beam diameters larger than 2 mm.
The curvature of wavefront further results in a shift of the observed transition frequency,
which was described theoretically in [144] and experimentally instigated in [145], but is neg-
ligible for the experimental parameters used in this work.
Saturation broadening Interaction of the molecules with the intense pump beam leads to
saturation broadening, also known as power broadening (Eq. (4.29)). In case of Doppler-free




with the saturation parameter G given by Eq. (4.31).
Total linewidth The different broadening mechanisms add up to a total linewidth of the
observed transition which is approximately given by [114]
Γtot = (Γnat. +Γp +Γtof)(1+
√
1+G). (4.50)
The major contributions to the linewidth are summarized in Tab. 4.3. For typical parameter
in the setups used in this work, the natural linewidth is broadened to a total linewidth of the
order of 800 kHz.
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4.4.4 Number of molecules in lower state of transition R(56)32-0
Only a small fraction of the molecules in the volume interrogated by the laser beams are
addressed in Doppler-free spectroscopy since the molecules are distributed over noninvolved
rovibrational levels with the Maxwell-Boltzmann distribution and non-resonant velocity classes
with the Maxwell velocity distribution.
The number of molecules in the volume of the interrogating laser beams is estimated from
the ideal gas law. The density of molecules in a thermal vapor at room temperature T ≈ 295K







≈ 1×1020 molecules/m3. (4.51)
The volume probed with laser beams with diameter of 3 mm over an absorption length of 1 m
is 7×10−6 m3 and the number of molecules in this volume is NI2 ≈ 7×1014.
The fraction nvc of molecules in the velocity class that is resonant the laser beam follows




























At room temperature, only the electronic ground state is populated and the fraction of
molecules that populate the lower rovibrational state of the transition R(56)32-0 can be es-
timated from the Maxwell-Boltzmann distribution [123] using Eq. (4.4) and Eq. (4.5) with the
constants given in Tab. 4.1. The fraction of molecules with ν ′′ = 0 and with J′′ = 56 are










) ≈ 0.65, (4.53)
and










) ≈ 0.01. (4.54)
The total number of molecules participating in the transition R(56)32-0 is thus
NI2×nvcnνnJ ≈ NI2×8×10−6 (4.55)
≈ 6×109molecules,
which are further distributed over 15 hyperfine states.
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4.4.5 Calculation of experimental parameter
For purpose of laser frequency stabilization, those experimental parameter are sought that
maximize the ratio Sig/Γ of the signal amplitude of the transmitted probe beam and the
linewidth Γ of the transition. The influenceable experimental parameters that affect this ra-
tio are the absorption length d, the pressure p, and the beam intensities that are set by the
optical powers P and their beam diameter w. Approximate formula for Sig/Γ taking into
account absorption of pump and probe beam are derived in [147] assuming low absorption
(α pd≪ 1).
The dependence of the linewidth on the pressure and pump beam intensity, neglecting the
contribution from time-of-flight broadening in Eq. (4.50), is given by









where the constant cp accounts for the pressure dependence of the saturation intensity.
The signal, in a simplified model of modulated hole burning, is the difference of the trans-
mitted probe beam intensities with and without pump beam and given by
Sig(p,d, I) ∝ Ipr. exp [−αhfs(ωpr.)pd]− Ipr. exp [−α0(ωpr.)pd] , (4.57)


















i (ωpr.)Li(ωpr.) . (4.58)


















Numerical solutions for the dependence of the ratio Sig/Γ given by Eq. (4.57) and Eq. (4.56)
on the experimental parameters using constants summarized in Tab. 4.4 are shown in Fig. 4.4.
The dependence on the pressure is shown in Fig. 4.4 (top left) for various cell length with the
intuitive result of zero signal at zero pressure and decreasing signal at high pressure, where
pump and probe beam are eventually completely absorbed. The maximum shifts to lower
pressures and increases towards longer absorption length, as shown in Fig. 4.4 (top right). The
signal increases rapidly up to 0.5 m, but doubling the absorption length from 0.5 m to 1 m
increases the signal by less than 10 %. The pressure that maximizes the signal as a func-
tion of absorption length is depicted in Fig. 4.4 (bottom right). The dependence on the pump
beam intensity is shown in Fig. 4.4 (bottom left), again for different cell length, which shows
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a maximum at three to four times the saturation intensity and decreases at higher pump power
because of saturation broadening.
In conclusion, to optimize the spectroscopic signals an absorption path length of the order
of 1 m is expedient, with a pressure of the order of 1 Pa spectroscopy beams with few time
saturation intensity with high optical powers and large beam diameters. To maximize the
signal, the maximum beam diameter should be used that provides the necessary saturation
intensities, to minimizes the time-of-flight broadening.
4.4.6 Phase-modulation saturation spectroscopy
The basic concept of Doppler-free saturation spectroscopy is extended with laser frequency
modulation (FM) techniques, where phase sensitive detection of the resulting heterodyne sig-
nals at the modulation frequency result in dispersive lineshape [148, 149] that are particular
suitable for laser frequency stabilization. Another advantage of these FM spectroscopy tech-
niques is, that the detected heterodyne signal is shifted to Fourier frequencies above the excess
noise of the laser resulting in high signal-to-noise ratios and thus high frequency stability, cf.
Sec. 2.2 and Sec. 2.3. The following introduces FM techniques and discusses the mechanisms
and lineshape of the resulting signals.
In a typical setup, cf. Fig. 4.3, two laser beams derived from a common laser source counter-
propagate in a gas cell where one of the beams is phase modulated, e.g., by an EOM at angular








i(ω2t+β sin(ωmt)−kx)+ c.c. (4.61b)
=12E
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2 J0(β ) e










ei((ω2+ jωm)t−kx)+(−1) j ei((ω2− jωm)t−kx)
]
+ c.c. .
A frequency offset between ω1 and ω2 is usually established using an AOM to shift unwanted
interference between pump and probe beam outside the detection bandwidth of the hetero-
dyne signal at ωm. Two spectroscopic techniques were realized with this configuration. First
the unmodulated beam was used as pump beam and the modulated beam is used as probe
beam. This technique is known as frequency modulation spectroscopy (FMS) [148]. Later it
was discovered, that the frequency modulation is transferred from the modulated beam to the
unmodulated beam. This phenomenon is exploited in the second technique that is known as
modulation transfer spectroscopy (MTS) [150], where the modulated beam is used as pump
beam and the unmodulated beam serves as probe beam, which provides spectroscopy signals
virtually without Doppler-background.
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Modulation transfer spectroscopy
In an MTS setup, the modulated beam acts as the pump beam while the unmodulated beam
acts as the probe beam that is detected. The incident fields Eqs. (4.61) create a macroscopic
polarization given by Eq. (4.21) that re-radiates a field
Er = 12E
r
± exp(i[(ω±ωm)t + kx+ϕ])+ c.c. , (4.62)
in the direction of the probe beam −k at frequencies ω ±ωm, caused by a nearly degener-
ate four-wave mixing (NDFWM) process that is governed by the third order susceptibility.
The effect was reported in [151, 152] and is described theoretically in [150, 153, 154] using
third-order perturbation expansion of the incident fields. The total intensity transmitted in the
direction of the probe beam is I = cε0|E01 +Er|2, and the re-radiated field interferes with the
transmitted probe beam on the detectorand produces a heterodyne beat signal at ωm
I(ωm) = 12 ε0cE
0
1 (E r++E r−)exp [i(ωmt +ϕ)]. (4.63)
Two mechanism are mainly responsible for the modulation transfer process, discussed, e.g.,
in [115, 150, 153]. The primary process is modulated hole burning, that is the pump beam
burns holes of modulated depth into the velocity distribution of the molecules. The second
mechanism is reflection of the incident pump field from the induced population grating. Higher
order processes of the modulation transfer mechanism are discussed in [150].
The lineshape of the heterodyne beat signal as a function of the detuning from the resonance





J0(β )J1(β )[(L1−L1/2 +L−1/2−L−1)cos(ωmt +φ)+ (4.64)
(D1−D1/2−D−1/2 +D−1)sin(ωmt +φ)],
where the following abbreviations for the Lorentzian resonance function were introduced
L j(x j) =
1
1+ x2j




with the normalized detuning x j.
For laser frequency stabilization, a suitable error signal is obtained for ωm < Γ̃ by phase
sensitive detection of SMTS Eq. (4.64), technically realized by mixing with an RF signal at
ωm in a double balanced mixer, and adjusting the phase φ for maximum slope. The resulting
signal is shown in Fig. 4.5.
Frequency modulation spectroscopy
In an FMS setup, the unmodulated beam acts as the pump beam which burns a permanent





With probe power Ppr. of 500 µW, detection efficiency of an Si-pin diode η of 0.3 A/W and
absorption coefficient δpeak of 0.012, calculated from Eq. (4.57) with values given in Tab. 4.4,
the signal-to-noise ratio becomes 2×105 in a 1 Hz bandwidth and the fractional frequency
instability σy(τ) becomes 6.8×10−15/
√
τ . This corresponds to white frequency noise with
amplitude spectral density of frequency noise of 5 Hz/Hz1/2 which is compatible with the re-
quirements of space missions like LISA with 282 Hz/Hz1/2, cf. Eq. (1.3), or NGGM with
30 Hz/Hz1/2, cf. Eq. (1.4).
4.5 Conclusion
This chapter introduced basic properties of molecular iodine and concepts of using iodine as a
frequency references for frequency stabilization of lasers at the second harmonic of 1064 nm.
The molecular structure of 127I2 was introduced and the optical spectrum was discussed.
The optical spectrum features readily identifiable hyperfine structure with a span of the or-
der of 1 GHz, which can be used for the determination of the absolute frequency and thus
synchronization of laser systems on remote satellites. The individual hyperfine components
with linewidth of the order of 300 kHz, i.e. Q-factor of 109 can further be used as optical
absolute frequency reference for laser frequency stabilization using appropriate spectroscopy
techniques. Basic concepts for Doppler-free spectroscopy of molecular iodine were introduced
that allow for resolution of narrow hyperfine components in a thermal vapor of iodine in an
absorption cell. Experimental parameter necessary to optimize the signal-to-noise ratio in a
Doppler-free saturation spectroscopy setup were estimated. Further, the specific techniques
of frequency modulation spectroscopy (FMS) and modulation transfer spectroscopy (MTS)
were introduced that provide spectroscopy signals, with a steep slope and zero crossing at the
line center and high signal-to-noise ratio, that are particularly well suited for laser frequency
stabilization. These techniques are used to resolve an individual hyperfine components with
a line-splitting of the order of 106, thus enabling laser frequency stabilization to fractional
frequency instability of the order of 10−15.
Molecular iodine and Doppler-free saturation spectroscopy techniques thus allow for abso-
lute frequency stabilization of laser systems at 1064 nm to levels required by planned space
missions, i.e. frequency noise spectral densities below 30 Hz/Hz1/2. To reach this goal, in
particular in the spectral bandwidth at low Fourier frequencies between 0.1 mHz and 1 Hz,
the signal-to-noise ratio of the spectroscopy signal and systematic effects that might effect the
long-term stability of an iodine reference are investigated in the next chapter.
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5 Laboratory iodine reference — systematic
effects and control techniques
5.1 Introduction
The previous chapter introduced the principles of Doppler-free spectroscopy and the potential
performance of an iodine reference at 1064 nm. This chapter reports on the investigation of
systematic effects, implementation of control techniques and the frequency stability achieved
with laboratory setups for laser frequency stabilization to molecular iodine. At the beginning
of this thesis, an iodine reference setup already existed in the group that was developed in
previous works [86, 133, 157–159] and served as an absolute reference system for optical
frequency metrology with laser systems at 1064 nm. However, the frequency noise of this
laboratory setup was an order of magnitude above the potential performance and did not fulfill
requirements on the frequency stability of missions like LISA, GRACE-FO or a NGGM. First,
the laboratory setup was used to investigate systematic effects limiting its performance, where
the frequency stability of the laboratory setups was characterized by beat-note measurements
with the laser system stabilized to the ULE cavity presented in Chapter 3. The beat-note time-
records are presented in terms of amplitude spectral density of frequency noise spectral density
and Allan deviation as introduced in Chapter 2.
Several control systems were implemented in the setup to successively increase the stability
of the system. With the modifications made to the basic MTS setup, the frequency stability
of the iodine reference was improved by more than one order of magnitude to a performance
comparable to or, on specific time scales, even better than international frequency references
based on molecular iodine. The lessons learned from these experiments resulted in the design
for the elaborate iodine frequency references presented in Chapter 6. This chapter presents the
main improvements made with the modifications and summarizes the consequences for the
realization of high-performance iodine reference.
Sec. 5.2 presents results from the existing MTS setup. First the signal-to-noise ratio of
the spectroscopy signal was improved, Sec. 5.3 reports on the reduction of detection noise in
the system and Sec. 5.4 reports on an improvement of the spectroscopy signal. The findings
resulted in a setup presented in Sec. 5.5 that became the baseline for the quasi-monolithic
setups presented in Chapter 6. Sections 5.6 to 5.9 presents various systematic effects and
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measurement of the temperature of the copper block using an out-of-loop Pt100 sensor. The
residual temperature fluctuations were multiplied by the pressure shift of −300 Hz/K and are
expressed as frequency noise spectral density in Fig. 5.11 (right). The projected frequency
noise is on the level of the thermal noise floor of the reference cavity, more than one order of
magnitude below the requirements for the planned space missions LISA and NGGM. The ac-
tual stability of iodine vapor pressure, however, is not determined in this indirect measurement.
In addition to the temperature of the solid iodine in the cold finger, the pressure might change
with the temperature of the walls of the cell. Slow frequency shifts after sudden temperature
changes of the cell were reported in [61] and attributed to desorption and re-absorption of io-
dine from the inner surface of the cell. Therefore, the temperature of the cell might need to be
stabilized for better long-term stability.
5.9 Phase modulation and cancellation of residual amplitude
modulation
In the laboratory setups, frequency shifts caused by residual amplitude modulation (RAM)
were identified as a major limiting effect on the frequency stability of the iodine references.
Spurious RAM sidebands, present on the phase modulated pump beam result in a deforma-
tion of the MTS error signal which results in lock point errors, i.e. the laser frequency is
shifted away from the center of the optical transition. This effect is schematically illustrated
in Fig. 5.12.
The origin of RAM in electro-optic phase-modulators were investigated in context of FM-
spectroscopy techniques [160, 161, 178] and are related to temperature sensitive etalon effects
in the EOM crystal, polarization dependent unwanted polarization rotation etc. Further, RAM
arises in an optical system because of PM/AM conversion at spurious etalons or in the absorp-
tion cell where the sidebands experience different absorption from the overlapping Doppler-
background of nearby hyperfine components [161].
A particular effect in free-beam EOMs is that PM sidebands produced by the EOM are
spatially separated in the mode of the pump beam [161]. The counter propagating probe beam
will, depending on the geometric overlap with the pump beam, sample more or less of one of
the PM sidebands which effectively results in a frequency shift similar to that caused by RAM
[161] and further couples the RAM and beam pointing instabilities.
The influence of RAM on the line shape in modulation transfer spectroscopy signals was
experimentally investigated [161, 179, 180] and described theoretically in [161, 179]. The
following briefly introduces the effect of RAM on modulation transfer spectroscopy signals
and presents RAM suppression schemes developed in this work.
Influence of residual amplitude modulation The lineshape of an MTS signal including
residual amplitude modulation (RAM) of the pump beam can be written
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Figure 5.12: MTS signal and dis-
tortion caused by the presence of
RAM. A pure phase-modulation of
the pump beam results in a spec-
troscopy signal with zero-crossing
at the line center of the transition
(blue graph). Amplitude modulation
of the pump beam results in an even
spectroscopy signal (gray graph). A
mixture of PM and AM leads to a dis-
torted spectroscopy signal, given by
Eq. (5.4) with zero crossing shifted








r× [(L1 +L1/2 +L−1/2 +L−1)cos(ωmt +φ +ϕ)+
(D1 +D1/2−D−1/2−D−1)sin(ωmt +φ +ϕ)]), (5.4)
[179] with notations from Sec. 4.4.6, where r is the ratio of the amplitudes of AM and PM
sidebands and ϕ the phase of the AM with respect to the PM signal [179]. The resulting
lineshape is shown schematically in Fig. 5.12. The presence of residual amplitude modulation
shifts the zero crossing of the error signal and thus the lock point of the laser away from the
line center. The offset depends on the amplitude r and the phase ϕ and thus fluctuations of
these parameters decrease the lock-fidelity to the center of the optical transition. Control of
residual amplitude modulation is therefore crucial for the performance of the iodine frequency
reference.
With a setup presented below the amplitude r of RAM as well as the phase ϕ can be con-
trolled and the frequency shift of an MTS setup in the presence of RAM was investigated.
The dependence of the frequency shift, expressed as fraction of the linewidth of the transition,
on an amplitude of RAM r is shown in Fig. 5.13. To keep the contribution of RAM to the
fractional frequency instability of an iodine setup below the 1×10−15 level, RAM needs to be
controlled at 1×10−6 level, assuming a linewidth of 1 MHz.
Control of residual amplitude modulation Active control schemes were developed to sup-
press residual amplitude modulation. The RAM is detected by a photo-detector and mixed
down to DC. The RAM signal is then stabilized by acting directly on the EOM, e.g., via tem-
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AOM modulation with RAM cancellation Because of the degradation of the fiber EOM, a
new scheme was realized, that allows for high optical power and high modulation index. In this
scheme, an AOM is used for phase modulation of a laser beam and for cancellation of RAM. To
this end, the AOM is driven by an 80 MHz RF signal that is additionally frequency modulated
at ωPM (33522A or E8257D, Agilent Technologies), which results in a phase modulation of the
diffracted beam. As a side effect there is a significant amount of beam pointing modulation of
the diffracted beam at the modulation frequency. The beam is therefore first coupled to a fiber
to get rid of the beam pointing issues at the cost of RAM arising from fluctuation coupling
efficiency. The RAM is detected in both quadrature components, as shown in Fig. 5.12 and
compensated by an AM signal at ωPM added to the phase modulated RF signal driving the
AOM using a double-balanced RF-mixer (ZFM-3, Minicircuits). The ASD of RAM measured
with this setup is shown in Fig. 5.15 (left) (orange).
5.10 Conclusion
With the goal of optical iodine frequency references with a performance that fulfill the require-
ments on space missions like LISA and or NGGM and ultimately an instability at the 1×10−15
level, several laboratory setups were realized and used to investigate various systematic effects
on the frequency instability and different techniques were implemented to control their influ-
ence on the performance of the setups. The main improvements for the frequency stability of
the MTS setup are balanced detection of the MTS signal, that was implemented using a noise
canceling photo-detector. This reduced the contribution of laser intensity noise on the short-
term frequency instability by more than one order of magnitude for Fourier frequencies above
1 Hz. Residual amplitude modulation of the pump beam and pointing instabilities of pump and
probe beam were found to be a major source of frequency noise. These effects were decoupled
and mitigated by fiber coupling of the spectroscopy beams and an improved opto-mechanical
setup, which lead to the idea of quasi-monolithic spectroscopy setups presented in Chapter 6.
Individual power stabilization of the pump and probe beam was realized to suppress long-term
power fluctuations and the corresponding light shift that would limit the performance of the
iodine reference above the anticipated 1× 10−15 level. Several schemes for phase modula-
tion to the pump beam were investigated and a scheme for cancellation of residual amplitude
modulation was realized. This improved the lock fidelity to the line center of the transition.
These modifications improved the short-term frequency instability from the first iodine
setup by more than one order of magnitude from 4×10−13 at 1 s integration time to less than
2×10−14 at 1 s integration time for the advanced setups. The long-term instability was im-
proved to less than 3×10−15 for averaging times of 100 s. The frequency stability of the ad-
vanced setups is comparable and partly even better than the best iodine references at 532 nm.
The results further show that the performance of the iodine references on breadboard level ful-
fill the requirements of future space missions. Therefore, the findings presented in this chapter
were used as the basis for the design and realization of iodine frequency references with the
goal a space qualified iodine reference.
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6.1 Introduction
Molecular iodine is a candidate for an optical absolute frequency reference for several planned
space missions that relay on Nd:YAG lasers systems providing high long-term frequency sta-
bility [53, 184]. Numerous types of spectroscopy setups for the realization of iodine frequency
references were investigated theoretically and experimentally [54, 56, 167, 185]. These setups,
as well as the setups presented in Chapter 5, have shown that an iodine frequency reference is
compatible with the requirements of planned space missions. While optical cavities are now
being developed for application in non-laboratory environment [45, 186] and also space mis-
sions [43, 44], this has not been done consequently for iodine references and is the topic of
this chapter.
The development of a space compatible iodine reference needs to take into account strin-
gent requirements on compactness, radiation hardness, vibrational loads, shock and thermal
cycling encountered during launch, ascent and in operation. For the optical instruments it is
particularly important that the alignment of the optical setups stay intact upon these loads. Cru-
cial optical setups for space missions, like the optical bench for LISA or the LISA pathfinder
mission, are therefore realized by directly bonding optical components to dimensional stable
glass-ceramic plates [187].
Here, we have realized two iodine spectroscopy setups consecutively using such an assem-
bly integration technique developed in context of the LISA mission. The setups were designed
based on the findings presented in Chapter 5 and realized in cooperation with the HTWG Kon-
stanz in laboratories of Astrium GmbH and constitute the first steps towards a space qualified
iodine reference. First, a so called elegant breadboard (EBB) setup was built to demonstrate
the applicability of the assembly technique for the realization of on iodine reference that meets
the requirements of planned missions. Second an engineering model (EM) was realized, that
was also subject to environmental tests with vibrational loads up to 25.1 grms and thermal cy-
cling between -20 ◦C to 60 ◦C for the demonstration of its robustness. The frequency stability
and reproducibility of the absolute frequency was characterized before and after the environ-
mental tests.
Sec. 6.2 gives an overview over the transportable iodine references and Sec. 6.3 and Sec. 6.4
briefly introduce the laser system and electronics realized for the operation of the elegant
breadboard and engineering model. Sec. 6.5 introduces the assembly integration technique
used for the realization of these two setups. Sec. 6.6 describes the elegant breadboard setup and
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reports on its frequency stability. Sec. 6.7 describes the engineering model setup and reports
on the environmental tests performed with this setup and its performance. A conclusion is
given in Sec. 6.8.
6.2 Overview of the setups
Two complete, transportable iodine reference systems were built for the EBB and the EM,
respectively. Each system consists of three parts which are a transportable laser system, elec-
tronics and the quasi-monolithic spectroscopy setup.
• The laser system prepares the pump- and probe laser beams for the modulation transfer
spectroscopy technique and includes the actuators of the control loops for optical power
stabilization and cancellation of residual amplitude modulation. Further it provides an
output at 1064 nm for distribution and measurement of the frequency stability. The laser
systems for the EBB and EM are described in detail in Sec. 6.3.
• The electronics part provides the RF signals for frequency shifting and frequency- and
amplitude modulation of the laser beams. Further, it features servo filters for control of
the laser frequency, RAM cancellation and power control and is described in Sec. 6.4.
• The EM and the EBB spectroscopy modules, that are made of quasi-monolithic optical
benches with optical setups for modulation transfer spectroscopy.
6.3 Mobile laser systems for iodine frequency references
Before turning to the EM and EBB spectroscopy modules this section briefly introduces the
laser systems and electronics developed for their operation. Two mobile laser systems were
built for the operation of the elegant breadboard model (EBB) and the engineering model
(EM) spectroscopy setups. These can thus be used as complete frequency references, e.g., in
measurement campaigns or for calibration of non mobile equipment. Both provide a fiber-
coupled port at 1064 nm for the frequency measurements and two fiber ports at 532 nm for
iodine spectroscopy. Both laser systems can be used for either of the iodine references.
The laser systems are both designed for application in modulation transfer spectroscopy and
were implemented on a 60 cm× 90 cm breadboards. The first laser system includes a Nd:YAG
laser at 1064 nm with internal frequency doubling and beam conditioning is performed at
532 nm. It is referred to as the green laser system and is detailed in Sec. 6.3.1. The second
laser system includes a simple Nd:YAG laser and the spectroscopy beams are prepared at
1064 nm and are individually frequency doubled in the last stage of the laser system. It is
referred to as the IR laser system and is detailed in Sec. 6.3.2.
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Figure 6.3: Photograph of the mo-
bile laser system with beam prepara-
tion at 1064 nm. The laser system
is mounted on a 60 cm×90 cm
breadboard. Infrared and green
laser beams are indicated in red
and green, respectively. The optical
setup is covered in a box to shield air
currents, that otherwise noticeably
distort the fiber-coupling and affect
the residual amplitude modulation of
the pump beam.
SHG: fiber pigtailed second har-
monic generation modules.
probe beam passes an AOM that is used for intensity stabilization, and the zeroth order is cou-
pled to a pm fiber connected to the spectroscopy module. At the spectroscopy module, about
10 mW and 5 mW are available for the pump and probe beam, respectively, when the AOM
driver powers are set to the working points (10% to 20% below maximum) for the intensity
and RAM stabilization. Details on this laser system can be found in [188].
6.3.2 Laser system for the engineering model
Future laser interferometric space missions are planned with laser system operating a wave-
length at 1064 nm for which space qualified technology, such as laser sources and electro-optic
modulators, exist. For the deployment of an iodine reference at 532 nm, however, such devices
are rare.
The idea behind the IR laser system is to prepare the spectroscopy beams using electro-optic
components for 1064 nm that are foreseen in the planned laser systems [189] and are available
in space qualified versions. Highly efficient waveguides for second harmonic generation mod-
ules are be used in a final step to provide light at 532 nm.
The infrared laser system, shown in Fig. 6.4, is based on a Nd:YAG laser (M126-1064-500,
JDSU), that provides 500 mW at 1064 nm. The output beam passes on optical isolator and
is collimated by a telescope. About 5 mW of the output is split off by a beam sampler and
fiber coupled for distribution and frequency measurements. The main part of the beam is split
in pump and probe beam with a half-wave plate and a polarization beam splitter. The pump
beam is frequency shifted by 80 MHz and frequency modulated at 280 kHz rate and up to
500 kHz deviation by an AOM (3080-194, Crystal Technology Inc.) and launched into a fiber.
The probe beam passes another AOM that is used for intensity stabilization, where the 0th
order is launched into a fiber. The infrared pump and probe beam are frequency doubled by
fiber coupled PPLN waveguide modules (NTT Electronics) for second harmonic generation.
During frequency doubling, the modulation index of the phase modulated pump beam and the
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MTS and frequency control The RF signal for the modulation of the pump beam via an
AOM is derived from the fourth harmonic of a function generator running at 20 MHz with
phase modulation at 280 kHz. The signal is filtered and amplified and fed to the AOM in the
pump beam. The MTS signal at 280 kHz, received from the noise canceling photo detector is
filtered, amplified to ≈0 dBm and mixed down to DC with 280 kHz. The resulting MTS error
signal is fed to a servo filter (detailed in Appendix D.4) that provides the control signals for
the laser stabilization via the PZT with a control bandwidth of the order of 10 kHz and the
temperature of the Nd:YAG crystal with a bandwidth below 1 Hz.
RAM control The RAM signal at 280 kHz, received from the RAM photo detector, is filtered,
amplified to above 0 dBm and split into two path for detection of both quadrature components.
Two RF signals are used to detect the quadrature components of the RAM. The error signals
are low pass filtered and fed two a dual PI servo filter (detailed in Appendix D.3). Two RF
signals generate the quadrature signals for cancellation of the RAM, where double balanced
mixers are used as current controlled RF attenuators to set the amplitudes of the quadrature
signals. These are recombined in a power-splitter and the resulting RF signal is coupled to the
RF path driving the AOM in the pump beam for cancellation of the RAM, cf. Sec. 5.9.
Power control The photo detector signals from the pump- and probe power detectors are fed
to a dual servo filter (detailed in Appendix D.3). The resulting control signals for the pump-
and probe power control the average RF power driving the AOMs in the pump- and probe
beam, cf. Sec. 5.7.
To avoid crosstalk between those feedback loops acting on the same actuator, namely the
RAM cancellation and the pump power control, the control bandwidths of the feedback loops
where designed to be different. For control of the pump- and probe power, control band-
widths of the order few kHz of less are sufficient and the RAM feedback loops had a control
bandwidth of order 10 kHz.
6.5 Assembly integration of quasi-monolithic spectroscopy
modules
Optical systems for space applications have to withstand mission specific strains like vibra-
tion, shock and thermal cycling during launch and in orbit and have to provide the required
performance in unattended operation. For the realization of robust optical systems with high
mechanical and thermal long term stability, optical components are directly bonded to a base
plate made of ultra low expansion glass ceramics like Zerodur. For doing so, two techniques
are conceivable: hydroxide catalysis bonding [187] and adhesive bonding [192].
Hydroxide catalysis bonding was first developed for the Gravity Probe-B mission at Stan-
ford University and was developed further for use on LISA Pathfinder at the University of
Glasgow. It is applicable to components made of glass ceramics like ULE, Zerodur and silica,
with surfaces polished to≤ λ /10. The bonding process can be considered to take place in three
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steps that are hydration and etching of the surface, polymerization building molecular bonds
between the surfaces and dehydration [187]. The process takes only a few seconds without
curing time, i.e. the optics cannot be aligned after contact with the baseplate. An alternative
to hydroxide catalysis bonding is adhesive bonding using a two-component space-qualified
epoxy that can also be used to join diverse materials including glass ceramics and metals. The
adhesives Hysol 9361 and Hysol 9313 are used for glass-metal and glass-glass bonds, respec-
tively and have also been used for the construction of the optical bench for LISA pathfinder
[193]. The settling time for the bond is long (up to several hours), so that the components can
be aligned during integration but have to be held in place during curing time. A force of 14 N
is applied on top of the optics during curing resulting in an adhesive layer with a thickness
of a few microns between the optical component and the base plate. The adhesive assembly-
integration technique was tested with respect to vibration up to 75 g sine and 25.1 grms, 200 g
shock and thermal cycling between 253 K and 323 K, where no difference between the two
bonding methods was observed [192]. Intended for the realization of interferometric setups,
the dimensional stability of adhesive bonded setups was determined to noise levels below
5 pm/Hz1/2 and 10 nrad/Hz1/2 above Fourier frequencies of 10 mHz. Therefore, this assembly
integration technique inhibits the beam pointing noise encountered with the laboratory iodine
setups, cf. Sec. 5.6, and provides an excellent, long term stable platform for the realization the
spectroscopy setups.
The EBB and EM setup were realized using the adhesive bonding technique in the labora-
tories of Astrium GmbH in Friedrichshafen.
6.6 The elegant breadboard model (EBB)
A photograph of the EBB setup is shown in Fig. 6.7 and a commented CAD-drawing with in-
dicated laser beams is given in Fig. 6.8. The modulation transfer spectroscopy setup is realized
on a baseplate made of a glass ceramic (OHARA Clearceram-Z HS) with a very low CTE of
2×10−8/K and has dimensions of 550 mm× 250 mm× 50 mm. The total mass of the setup is
about 32 kg, where the baseplate contributes about 17 kg.
The pump- and probe beam are fiber coupled to the setup from the laser system (described
in Sec. 6.3.1) using polarization maintaining fibers with pig-tailed fiber collimator (OZ Optics
Ltd.) that provide a beam diameter of 3 mm. Glass sheet polarizer with a polarization extinc-
tion ratio of 1:105 (colorPol VIS 500 BC4 CW01, Codixx) are used to ensure a clean, linear
polarization of the beams. An assembly of wedged glass plates in rotation mounts serve as
Risley-prism for beam alignment in the otherwise fixed optical setup.
The pump beam enters the setup with about ≈ 8 mW. About 1 mW is transmitted by a first
thin film polarizing beam splitter (TFP) for detection of RAM, the reflected beam passes a
second TFP, where the probe beam is separated from the pump beam, and is guided to the
absorption cell. About ≈ 50 µW of the pump beam is split off at a glass plate for power
stabilization. The pump beam passes the iodine cell in a triple-pass configuration, resulting
in an absorption length of 90 cm. The beam alignment is such that the folded beams do not
overlap inside the cell. Behind the iodine cell the pump beam is transmitted by another TFP,
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Figure 6.7: Photograph of the elegant breadboard model. The dimensions of the optical bench are
550 mm×250 mm×50 mm. The setup was realized at Astrium GmbH using an adhesive bonging tech-
nology.
where the probe beam is overlapped with the pump beam, and absorbed in a beam dump.
The probe beam enters the optical bench with ≈ 3 mW and is split at a TFP, the reflected
beam (≈ 1.5 mW) is used as the reference beam for balanced detection, and the transmitted
beam is used as probe beam. A glass plate is used to split off ≈ 60 µW of the probe beam
for power stabilization. The probe beam counter-propagates the pump beam in the triple-pass
through the iodine cell and is guided to a noise canceling detector by the TFP. The photo de-
tectors for power stabilization and RAM and MTS detection are adapted from those developed
for the laboratory setup. The schematics are given in Appendix D.1 and D.2, respectively.
The detectors are attached to the side of the optical bench via adapters plates made form Invar
glued to the side of the baseplate.
Mirrors, beam splitters, lenses and TFPs are made from fused silica substrates. The opto-
mechanics are made from Invar (CTE of 2×10−6/K) to reduce differential CTE between metal
parts and the baseplate.
The iodine cell was made and filled with pure 127I2 at the Institute of Scientific Instruments
of the Academy of Sciences of the Czech Republic (Brno). The filling procedure is described
in [194]. The 30 cm long cell is made from fused silica with AR-coated windows with a wedge
of 1◦ that are tilted by 0.5◦ in order avoid etalons formed by plane parallel surfaces. The cold
finger of the cell is inserted in a copper block inside a hermetic aluminum box including two
stacked Peltier elements, see Fig. 6.9, to control the cold finger temperature and thus the iodine
vapor pressure. The water cooled aluminum box is attached to the side of the optical bench.
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Hyperfine splitting of R(56)32-0
measured calculated calc-meas calc-meas σ y(τ = 1 s)
this work Ref. [59] Ref. [59] this work this work
(MHz) (MHz) (MHz) (MHz) (×10−14)
a1 0 0 0 0 0.89
a2 259.698 259.695 −0.002 −0.003 1.07
a3 α 285.511 α α 1.05
a4 α 286.220 α α 1.05
a5 311.366 311.360 −0.0002 −0.006 1.32
a6 401.478 401.481 0.001 0.003 1.03
a7 416.994 416.998 −0.001 0.004 1.28
a8 439.626 439.628 0.002 0.002 1.03
a9 455.343 455.342 0.001 −0.001 1.49
a10 571.542 571.546 −0.002 0.004 1.08
a11 698.055 698.059 0.014 0.004 1.69
a12 702.754 702.759 −0.014 0.005 1.70
a13 726.030 726.035 0.003 0.005 1.28
a14 732.207 732.209 −0.002 0.002 1.45
a15 857.954 857.959 −0.001 0.005 1.09
Table 6.1: Comparison of measured and published hyperfine components of R(56)32-0. Entries marked
with α are unresolved lines because of their small frequency difference (709 kHz). The column on the
right gives the frequency stability of the EBB setup in terms of the Allan deviation at an averaging time
of 1 s.
6.6.1 Hyperfine structure of the transition R(56)32-0
The advantage of an atomic or molecular reference compared to a macroscopic reference such
as an optical cavity is that is provides distinct transitions at absolute frequencies. These can be
identified similar to a fingerprint, cf. Fig. 4.2, and in case of molecular iodine each hyperfine
component can in principle be used a reference for laser frequency stabilization on remote
space crafts.
The hyperfine structure of the transition R(56)32-0 was determined by successively locking
the EBB system to the components a1 to a10 and recording the beat-note frequency with the
EM reference at 1064 nm, that was locked to the hyperfine component a10. When locked to
the same transition, the lasers have a nominal frequency offset of 60 MHz, cf. Sec. 6.3.3.
For each hyperfine component the beat-note frequency is mixed down to 2 MHz and counted
for 100 s with a gate time of 10 ms and the average of the time-record was multiplied by two
to account for the frequency doubling. The resulting frequency differences were referenced
to hyperfine component a1 and are shown in Tab. 6.1. The results compare well with the fre-
quency splitting published in [59]. Noteworthy, the fractional instability of the laser frequency
locked to all the hyperfine components was better than 2×10−14/τ1/2 for averaging times be-
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confirms the short-term stability already determined from the beat-note with the ULE cavity,
cf. Fig. 6.10, and averages down to below 1× 10−15 at 60 s averaging time, i.e. even below
the thermal noise floor of the ULE cavity. The three-corner-hat analysis indicates an unprece-
dented performance for an iodine reference with an instability reaching into the 10−16 range.
The laboratory setup shows higher instability than in the beat-note with the EBB setup, which
indicates a correlated, common mode noise of the iodine references. Therefore, the instability
of the EBB most likely also increases to 10−14 for longer integration times around 1000 s.
This was confirmed by a modified three-cornered hat method that removes the effect of the
correlations by mean of the covariance matrix of the three beat-notes [195]. The results for the
ULE cavity and the laboratory setup from this analysis are identical to those already shown.
For the EBB setup the expected behavior is depicted in Fig. 6.11 (right) (light blue). The long
term instability is suspected to be mainly driven by the thermal environment and could be
improved, e.g., by a temperature stabilized enclosure of the setup.
6.6.3 Conclusion
In conclusion, an elegant breadboard spectroscopy setup was realized using an assembly in-
tegration that allows for a space compatible integration. The frequency stability of the EBB
setup was analyzed in comparison to the cavity stabilized laser system and the laboratory
iodine setup. The performances fulfills the requirements on the frequency stability of space
missions like LISA or GRACE-FO with more than one order of magnitude margin. With a fre-
quency instability of 2×10−15 at 100 s integration time, the EBB shows the best performance
achieved with an iodine reference. A three-cornered-hat analysis indicates lower instability at
100 s integration time, where the Allan deviation is estimated to slightly below 1×10−15.
Next steps towards a space compatible iodine reference are to further reduce the size and
mass of the setup and to perform environmental tests for the qualification of the setup. These
steps are described in the next section.
6.7 The engineering model (EM)
Based on the promising results achieved with the elegant breadboard setup (EBB), an engi-
neering model (EM) of the iodine reference was designed and realized using a similar optical
design, material and bonding techniques as used for the construction of the EBB. The design
was optimized with respect to robustness and also compactness. To this end, a compact multi-
pass cell was designed that allows for a long effective absorption length in a small form factor.
The multi-pass cell is placed on an optical bench with the spectroscopy setup. The total mass
of the engineering model is 8 kg. Both, the multi-pass cell and the optical bench, were subject
to environmental tests and the frequency stability of the EM was characterized.
6.7.1 The multi-pass cell
Multi-pass configurations increase the effective absorption length, and thus signal-to-noise ra-
tio, in absorption spectroscopy. Alternatively cell can be placed in an external cavity, which
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Figure 6.13: Photograph of the engineering model. The dimensions of the fused silica baseplate are
38 cm×18 cm×4 cm. The counter propagating pump- and probe beam are coupled to the setup via
polarization maintaining fibers. Fluorescence indicates the nine-fold pass within the cell. Two photo
detectors (in front) are used for intensity stabilization, the detectors in the back are noise canceling
detector and the RAM detector.
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Figure 6.14: CAD-drawing of the engineering model. Pump and probe beam are indicated in green. λ/2:
half-wave plate, BS: beam sampler (green), TFP: thin film polarizing beam splitter (yellow), RP: Risley
prism, PD: photo detector, NC: noise canceling detector.
foreseen for fine adjustment of the overlap of pump and probe beam. A fraction of 300 µW of
the pump beam is separated at a beam sampler for control of residual amplitude modulation,
the main part of the pump beam passes the multi-pass iodine cell and is reflected at a thin
film polarizing beam splitter (TFP) and guided to a photo detector for detection of the optical
power.
The optical layout of the engineering model resembles the MTS setup of the EBB and was
integrated on a fused silica base plate with a mass of 6 kg and dimensions of 38 cm× 18 cm× 4 cm,
which corresponds approximately to the size of a DIN A4 paper. A photograph of the EM is
shown in Fig. 6.13 and an annotated CAD-drawing with indicated laser beams is shown in
Fig. 6.14.
The probe beam enters the setup through a separate fiber and is launched with an optical
power of 3 mW. A TFP splits the beam in a reference beam and the probe beam of 2 mW and
1 mW, respectively, and the reference beam is guided to a noise canceling detector. The probe
beam is guided to the cell, where a fraction of 200 µW is split off before the cell for power
stabilization. The probe beam counter-propagates the pump beam through the iodine cell and
is guided to the noise canceling detector. Pump and probe beam are separated by two thin
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ba c
Figure 6.15: a) Fiber launcher, mount made from Invar, with glass sheet polarizer. b) Risley prism pair
rotation mount (fused silica) for fine-adjustment of the beam overlap. c) Rotation mount (titanium) for
zero order cemented half-wave plates.
film beam splitters. The mirrors and TFPs have dimensions of 20 mm×35 mm× 8 mm and
are wedged by 1◦ to avoid spurious etalons.
Construction details With respect to the planned thermal cycling between −20 ◦C and 60 ◦C,
the components materials were chosen to minimize differential CTE between optics and mounts
and the baseplate. The baseplate and all optical elements, including the absorption cell,
are made from the same material; fused silica (CTE 0.55×10−6/K). The collimator mount
and adapter plates for the photo detectors are made of Invar (CTE 1.7×10−6/K). The ro-
tation mounts for the half-wave plates (CTE ≈10×10−6/K) are made from titanium (CTE
8.6×10−6/K) (Fig. 6.15c).
The multi-pass cell is placed in the center of the optical bench where three 1/2” glass blanks
are glued to the optical bench to define the position of the multi-pass cell. The multi-pass cell
was not bonded to the optical bench. The cold finger points to the side of the ground plate
of the optics bench and can be cooled to below −15 ◦C by two stacked Peltier elements in a
hermetically sealed housing. A commercial temperature controller (TEC-1091, Meerstetter
Engineering) is used to stabilize the temperature at −10 ◦C (1.3 Pa). The photo detectors are
mounted to the side of the optical bench via adapter plates made from Invar, that are glued to
the side of the optical bench. Since the beams can not be aligned, the photo diodes are adjusted
relative to the laser beams inside the detector housings.
Assembly Integration The EM was assembled at the laboratories of Astrium GmbH with
the assembly integration technique described in [192] and Sec. 6.5. The laser beams were pre-
aligned during integration of the optical elements at Astrium GmbH. The fine adjustment of
the polarization and geometrical overlap of pump and probe beam was done by observing and
optimizing spectroscopy signals at Humboldt-Universität zu Berlin. A good mode overlap of
the pump- and probe beam was found when light was coupled from pump fiber through the
optical setup, including the multi-pass cell, and into the probe fiber. The rotation mounts were
then bonded after first frequency measurements and before the first environmental tests.
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Figure 6.16: Photographs of the EM on a shaker table and in a thermal chamber. a) multi-pass cell and
photo detectors and b) optical bench on the slip table of the shaker with acceleration sensors attached.
c) EM setup in the thermal chamber at HTWG Konstanz.
6.7.3 Environmental tests
With the goal of a space qualified iodine reference, the EM was subject to environmental tests
including vibrational loads with random accelerations up to 25.1 grms and sine accelerations
up to 30 g and thermal cycling between -20 ◦C and +60 ◦C. The specifications for the tests
were selected to cover a broad range of possible missions. As a mission with a high precision
optical experiment the requirements for the LISA Technology Package (LTP) interferometer
engineering model were taken as a baseline [196].
First, one of the multi-pass cells was subject to vibrational loads at facilities of ZARM-FAB
in Bremen, than the full EM was subject to thermal cycling at HTWG Konstanz and than the
optical bench of the EM was subject to vibrational loads at ZARM-FAB2. The performance of
the EM was investigated before and after each environmental test to validate the functionality
of the EM and to determine the frequency stability.
Vibrational loads The EM was tested at ZARM-FAB in Bremen on a Long-Stroke Exciter
(LDS V875-440). Fig. 6.16 shows the EM cell and optical bench mounted in their adapters
on the slip table of the shaker with acceleration sensors attached. The multi-pass cell and
the optical bench of the EM were shaken successively in all three directions with random
accelerations up to 25.1 grms between 5 Hz and 2 kHz and excited with sine accelerations up
to 30 g between 20 Hz and 60 Hz. The vibrational loads are detailed in Appendix F in Tab. F.1
and the test sequence is listed in Tab. F.2.
Unfortunately, on one of the two multi-pass cells the optical contact of the filling pin failed
and the cell was contaminated with air. As a consequence of this failure, the frequency mea-
surements were made with the second cell. The failure of the optical contact might be caused
by thermal stress in the glass plate induced in the glass welding procedures in the assembly
of the cell, probably during the final cutoff of the filling pin. In principle, this seems to be an
avoidable problem since three of the four optical contacts, including the cold finger, survived
2The order of the tests was resulted from a damage of the shaker table during the first vibration tests.
112

114 Chapter 6 Development of space compatible iodine frequency references
Parameter EM setup EBB setup
Laser system M126-1064-500 Prometheus
JDSU Innolight GmbH
(descibed in 6.3.2) (described in 6.3.1)
Frequency doubling waveguide PPLN internal PPLN
Cell length 90 cm (9×10cm) 90 cm (3×30cm)
Modulation frequency 280.3 kHz 280.3 kHz
Phase modulation index 4 2
Probe beam power 800 µW 800 µW
Pump beam power 8 mW 6 mW
Beam diameter 2.8 mm 3 mm
Cold finger temperature −10 ◦C (1.33 Pa) −13 ◦C (0.96 Pa)
Table 6.2: Key parameters
used for the engineering




alternative, a cooling finger could be omitted by filling the cell at the desired unsaturated
pressure as demonstrated in [197]. These unsaturated iodine cells showed temperature related
frequency shifts of -100 Hz/K and absolute shifts of less than 10 kHz in a two year period and
could be an interesting alternative to saturated cells, eliminating the need for a cold finger and
the corresponding cooling system.
The frequency noise spectral density shows firstly, that the performance of the EM fulfills
the requirements on the requirements for LISA and GRACE-FO with comfortable margins and
secondly, that the frequency noise remains almost unchanged in spite of the strains applied in
the environmental tests.
6.7.5 Absolute frequency before and after environmental tests
The absolute frequency of the iodine reference is of importance for synchronization of lasers
on remote space crafts or if the EM setup is to be used as mobile reference, e.g., for calibration
of other frequency references. The frequency difference between the EM and the EBB was
recorded over a period of 90 days, interrupted by the environmental tests. Since the EM
had to be disassembled, transported and reassembled again for each environmental test the
measurement of the frequency offset to the EBB is a good test of the reproducibility of the
absolute frequency of the iodine reference.
The frequency offsets and reproducibility of iodine references was investigated in interna-
tional comparisons [121, 166, 198–200] and in the determination of the absolute frequency
[62, 121]. The frequency offsets between different iodine references are on the order of 1 kHz
corresponding to about 4×10−12. The observed frequency offsets are often attributed to im-
purities (like N2, or CO [176]) in the iodine vapor. In a measurement of three iodine cells
filled by the same apparatus and in the same lot frequency offsets as small as 169(59) Hz and
1011(87) Hz at 532 nm were found [166].
Time-records and mean frequencies of the beat-note between the EM and the EBB, both
locked to hyperfine component a10, are shown in Fig. 6.18. The beat-notes were corrected for
the different cold finger temperatures and pump powers with the pressure shift coefficient of






Two transportable, compact optical absolute frequency references based on modulation trans-
fer spectroscopy of molecular iodine were realized. The quasi-monolithic spectroscopy setups
were realized using an assembly integration technique that is compatible with the construction
of optical setups for space applications. The frequency stability and reproducibility of their
absolute frequency was investigated in beat-note measurements between these setups and the
frequency references presented in Chapter 3 and Chapter 5. Thereby it was demonstrated, that
the setup on elegant breadboard (EBB) level and the engineering model (EM) fulfill the re-
quirements of space missions like LISA and GRACE-FO.
For the engineering model a new type of compact multi-pass absorption cell was developed
that allows for a long absorption length on a small footprint. This cell could also find appli-
cation for spectroscopy of other species, that benefit from longer interaction length. With the
engineering model first environmental tests towards space qualification of a molecular iodine
reference were performed, including vibrational loads and thermal cycling, that were mostly
successful, although an optical contact failed during shaking of one multi-pass cells. Further
tests with respect to shock or radiation hardness have not been performed within this work and
should be done in the future.
The frequency stability of the EBB setup was shown to exceed the stability of state-of-the
art setups with frequency noise below 3 Hz/Hz1/2 and fractional instability below 2× 10−15
at 100 s integration time. The frequency stability of the EM shows white frequency noise of
8 Hz/Hz1/2 and reaches fractional instability of 6× 10−15 at 20 s averaging time. The perfor-
mance fulfills the requirements of LISA with a margin of one order of magnitude, and those of
GRACE-FO with a factor of two over the entire spectral range. As demonstrated in Sec. 6.7.5,
the iodine references also provide information about the absolute frequency of the stabilized
laser with a frequency reproducibility of better than 1 kHz. This knowledge of the absolute fre-
quency is helpful in frequency synchronization and lock acquisition of lasers remote satellites





Within this thesis, multiple absolute optical frequency references were realized for laser sys-
tems at 1064 nm based on modulation transfer spectroscopy of rovibronic transitions in molec-
ular iodine and their frequency stability was investigated in detail.
To characterize the frequency instability of the iodine references built within this thesis, a
cavity stabilized laser system was realized the beginning of this work which provides thermal
noise limited frequency instability of 2× 10−15 between 1 s and 10 s averaging time, which
corresponds to a frequency noise spectral density of 0.3 Hz/Hz1/2/ f 1/2 for Fourier frequen-
cies between 1 Hz and 1 mHz. The thermal design of the vacuum chamber setup results in
frequency reference with a predictable linear drift of 50 mHz/s, i.e., 1×10−16/s caused by
the isothermal creep of the space material. The cavity stabilized laser systems fulfills the re-
quirements on state-of-art space missions and served as a frequency metrology testbed for the
development and verifications of laser systems at 1064 nm, see Fig. 7.1.
With the goal of a space compatible absolute optical frequency reference for scientific space-
missions, two spectroscopy setups were designed and realized in cooperation with project
partners from the group of Prof. Claus Braxmaier and Astrium GmbH with respect to space
compatibility using a space qualified assembly integration technique. Adhesive bonding of
the optical setup on a base-plate made from ultra-low expansion material resulted in quasi-
monolithic, mechanically and thermally stable spectroscopy setups, the elegant breadboard
(EBB) and the engineering model (EM). For the later a special designed multi-pass cell was
developed for compact and ruggedized integration. Both systems, the EBB and the EM laser
system, fulfill the requirements on frequency noise of proposed space missions like next gen-
eration gravity mission (NGGM) or the laser interferometer space antenna (LISA) with large
margins, see Fig. 7.1. The above results followed from investigation of noise sources and
systematic effects and development of control techniques for their mitigation. Balanced detec-
tion was implemented to improve the signal to noise ratio of the spectroscopy signals which
resulted in shot-noise limited performance. Electronic feedback control system for the sta-
bilization of laser power fluctuations and control of residual amplitude modulation lead to
improved long-term stability. To demonstrate the maturity of the developed systems, the en-
gineering model was subject to environmental tests, including vibrations loads up to 30 g sine
and 25.1 grms random vibration and thermal cycling from −20 ◦C to 60 ◦C, which proves the
principal applicability of these designs for future space missions. Beat-note measurements be-
tween the EM and the EBB before and after environmental tests further revealed a frequency







As highly stable optical frequency reference, iodine references as the ones built within this
work might become a first step towards optical clock technology in space applications. Today,
the most prominent clocks and oscillators used in space applications are H-masers and atomic
Rb clocks, that are used in global navigation satellite systems like GPS and GALILEO. Optical
transitions enable relative frequency stability that surpass the performance of H-masers by
orders of magnitude. The ongoing technological developments allow for realization of optical
clocks in comparable form factors, where frequency combs allow for a direct connection to
the microwave regime. An overview of prominent oscillators for space are shown in Fig. 7.2 in
comparison to the envisioned performance of an iodine clock. The latter might be applicable
to bridge the gap in the medium term between RF space clocks and the envisioned optical
clocks for future space applications such as global navigation satellite systems.
As a stepping stone for future application of optical iodine frequency references in space
missions an iodine reference, depicted in Fig. 7.3, will be part of a sounding rocket mission
together with an optical frequency comb [64].
123

A Kinematic test theory
A.1 Robertson-Mansouri-Sexl framework
The kinematic test theory developed by Robertson [26] and refined by Mansouri and Sexl [27]
is a phenomenological description of potential Lorentz violations for the speed of light. The
RMS framework considers two coordinate systems, the preferred frame Σ (with coordinates
TΣ, XΣ, YΣ, ZΣ) in which the speed of light c0 is isotropic and a moving frame S (with coordi-
nates TS, XS, YS, ZS) moving relative to Σ, e.g., along ZΣ with a velocity υ . Although arbitrary,
the best candidate for the preferred frame is the cosmic microwave background (CMB). The
Lorentz transformations between Σ and S are replaced with the most general, linear transfor-
mation that depend only on the relative velocity υ :
TS = a(υ)TΣ + e(υ)ZS
XS = d(υ)XΣ ,
YS = d(υ)YΣ ,
ZS = b(υ)(ZΣ−υTΣ)
(A.1)
with functions a(υ), b(υ) and d(υ). The function e(υ) depends on the convention for clock
synchronization [27]. In the following the choice of synchronization plays no role because
only closed light signal paths are considered. Because isotropy is assumed in the preferred
frame Σ the functions a(υ), b(υ) and d(υ) must be even in υ . And since most experiments
are performed at small velocities, Mansouri and Sexl introduced an expansion with respect to




















The parameters αMS, βMS and δMS specify the transformation between Σ and S.
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Experiment type Parameter Value Reference
Michelson-Morley ( 12 −βMS +δMS) (4±8)×10
−12 Herrmann et al. [5]
Kennedy-Thorndike (βMS−αMS−1) (1.9±2.1)×10−5 Braxmaier et al. [29]
Kennedy-Thorndike (βMS−αMS−1) (−3.1±6.9)×10−7 Wolf et al. [30]
Kennedy-Thorndike (βMS−αMS−1) *(−4.8±3.7)×10−8 Tobar et al. [31]
Ives-Stilwell
⏐⏐αMS + 12 ⏐⏐ (−4.8±8.4)×10−8 Reinhardt et al. [32]
Table A.1: To dates limits on LLI violating parameters within the RMS test theory. *weighted mean of
limits set for sidereal ((−1.7±4.0)×10−8) and annual ((−2.3±1.0)×10−7) term.
The ratio of the speed of light in S and Σ is obtained from transforming the light cone into









= 0, and can, to



























sin2 θ , (A.4)
where θ is the angle between the direction of light propagation and υ , PKT = (βMS−αMS−1)
and PMM = (12 −βMS + δMS) are denoted Kennedy-Thorndike and Michelson-Morley param-
eter, respectively. The case of αMS = −12 , βMS =
1
2 and δMS = 0, i.e. PKT = PMM = 0, corre-
sponds to special relativity and Eqs. (A.2) become the Lorentz transformations to first order in
υ
c0
. The determination of the three parameters (αMS, βMS and δMS) is the target of experiments
that test special relativity and set limits for violations of LLI.
Experimental limits on LLI violations in RMS theory
In the framework of the RMS test theory, special relativity follows from three experimental
observations: the isotropy of the speed of light (Michelson-Morley experiments), the inde-
pendence of the speed of light from the velocity of the experiment (Kennedy-Thorndike ex-
periments) and time dilatation (Ives-Stilwell experiments). The current limits on the three
parameters are given in Tab. A.1
• Michelson-Morley
The original Michelson-Morley experiment [210] set a limit on PMM by observations of
the interference fringes of a Michelson-interferometer setup. Today, the most stringent
limits on PMM are obtained from the resonance frequencies of optical resonators pointing
in orthogonal directions that are actively rotated [5]. The experiment yields PMM =
(4±8)×10−12 [5].
• Kennedy-Thorndike
Limits on PKT were originally determined by R. J. Kennedy and M. Thorndike in 1932
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from observation of the interference in an unequal arm length interferometer [211]. In
1990, D. Hils and J. L. Hall reported on a comparison of the frequency of an optical
cavity to an iodine frequency standard [33]. From their measurement, they deduced a
limit on the Kennedy-Thorndike parameter PKT .
In 2001, the high long-term stability of a cryogenic optical resonator, compared to an
iodine standard during half a year of measurement span, allowed to improve this result
by taking into account the larger variation of υ caused by Earth’s orbital motion [29].
The most stringent limits on the KT parameter to date was obtained from analysis of data
from comparison of a cryogenic microwave resonator with hydrogen maser by Tobar et
al. [31], giving PKT = (−4.8±3.7)×10−8 [31].
• Ives-Stilwell
In the original experiment in 1938, H. E. Ives and G. R. Stillwell determined the time di-
latation coefficient αMS from measurements of the quadratic Doppler-effect in hydrogen
canal rays and confirmed time dilatation as predicted by special relativity to about 1%
[212]. Today the most stringent limits are determined from Doppler-free spectroscopy
of 7Li+ ions stored at 6.4% and 3.0% of the speed of light in an ion storage ring resulting
in αMS + 12 = (−4.8±8.4)×10
−8 [32].
A.2 Velocity modulation on Earth
The putative Kennedy-Thorndike signal is sought-after in a modulation with a temporal signa-
ture given by the square of the velocity modulation of the experiment relative to the CMB. The
velocity modulation is given by the square of the sum of the velocity υ⊕ of the sun relative to
the CMB, the orbital velocity υ⊙ of the Earth around the sun and the circumferential velocity






⎛⎝ −sinλ⊙ cosη + cosλ⊙ sinη cosεsinλ⊙ sinη + cosλ⊙ cosη cosε
cosλ⊙ sinε
⎞⎠ , with λ⊙ = Ω⊙(t− t0) (A.6)
υ R = ω⊕Rcos χ
⎛⎝ −sinλcosλ
0
⎞⎠ , with λ = ω⊕t +Φ. (A.7)
The parameter and corresponding values are summarized in Tab. A.2. A putative KT signal in
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Parameter Value Description
υ⊙ 377 km/s Velocity of sun with respect to CMB
υ⊕ 29.78 km/s Orbital velocity of the Earth
Ω⊙ 17.203×10−3 rad/day Annual angular frequency
ω⊕ 7.29×10−5 rad/s Angular frequency of the Earth (sidereal frequency)
ωLEO 1.2×10−3 rad/s Angular frequency of a low Earth orbit
R⊕ 6370 km Equatorial radius of the Earth
RLEO 160 km Altitude of a low Earth orbit
ε 23.27◦ Angel between the equatorial and orbital planes of the
Earth
η 167.9◦ Right ascension of υ⊙
χ 52.52◦ Latitude of Berlin
φµ −6.4◦ Declination angle between the plane of Earth’s orbit and
the velocity of the sun
Φ The phase set by the initial longitude at time t0 defined by
the J2000 equinox
Table A.2: Parameters describing the velocity of a laboratory on Earth with respect to the CMB.



















where values from Tab. A.2 were substituted. The KT signal is sought for at annual Ω⊙,
sidereal ω⊕ and diurnal (ω⊕−Ω⊙) frequencies of the frequency difference time-record, where
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B Measures of frequency noise
B.1 Introduction
The frequency instability of oscillators, such as lasers, can be described by different measures
in the time or frequency domain. In this thesis, the instability of the frequency references is
given by the amplitude spectral density (ASD) of frequency noise in the frequency domain and
by the relative Allan deviation in the time domain.
The oscillations of the electric field emitted by a laser operating at a nominal frequency ν0
with phase noise can be described by
E(t) = (E0 + εn(t))sin(2πν0t +ϕn(t)) (B.1)
where εn(t) describes amplitude noise and the argument of the sine the total phase with phase












ϕn(t) = ν0 +νn(t). (B.2)
For comparison of oscillators operating at different frequencies, like microwave clocks and











Statistical measures of these quantities are used to characterize and compare the performance
of different oscillators an to identify noise sources in the oscillators.
B.1.1 Frequency domain: Spectral density of frequency fluctuations
In the frequency domain, frequency noise is presented as power spectral density




Rν(τ)e−2πi f τdτ in Hz2/Hz (B.4)
that is the Fourier transform of the auto-correlation function






νn(t)νn(t + τ)dt. (B.5)
Eq. (B.4) is a form of the Wiener-Kintchine theorem.
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h−2 f−2 Random walk frequency noise h−2 f−4 (2π2h−2/3)τ
h−1 f−1 Flicker frequency noise h−1 f−3 h−12ln2
h0 White frequency noise h0 f−2 (h0/2)τ−1
h1 f Flicker phase noise h1 f−1 h1[1.038+3ln(2π fhτ)]/(4π2)τ−2
h2 f 2 White phase noise h2 [3h2 fh/(4π2)]τ−2
Table B.1: Power law models of spectral density of phase and frequency noise and the corresponding
Allan deviation. For the later a cut of frequency fh with 2π fhτ≫ 1 must be specified for flicker and white
phase noise.
The frequency noise spectral densities are related to the phase noise spectral density via
S2ν( f ) = f
2S2ϕ( f ) (B.6)
The characteristic spectral density of frequency noise of a real oscillator can often be mod-
eled sufficiently by a power-law as







hα f α (B.7)
where hα describe the power-law noise types given in Tab. B.1. These models are helpful to
design servo loops and to identify noise types in oscillators, that show up with characteristic
slope in a log-log plot (e.g., random walk noise in Fig. 2.2, cf. Tab. B.1).
In this thesis, frequency noise is expressed as amplitude spectral density (ASD) of frequency
noise, which is the square root of the power spectral density. It is calculated from time-records
of frequency samples using a LPSD (Logarithmic frequency axis Power Spectral Density)
method [213] that is implemented in a toolbox for Matlab available from [214].
B.1.2 Time domain: Allan deviation
In the time domain, the most widely used measure for the instability of an oscillator is the
Allan variance σ2(τ) or Allan deviation, i.e. the square root of the Allan variance. Detailed
introductions can be found in [215].
The relative Allan variance (RAV) is calculated from a time series of frequency samples
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Remarks Besides the two sampled Allan variance numerous other types of variances, like
Hadamard variance or modified Allan variance, were developed, e.g., to cope with drift of
oscillators or to better identify different noise types. In this thesis only the two sampled Allan
variance is used, where for some results frequency drifts of the lasers are subtracted by fitting a
polynomial to the time-record of frequency samples and using the residuals for the calculation
of the Allan variance. The Allan variance also depends on the process of the recording of
the time-record. Dead time between the samples can significantly alter the Allan deviation.
Further, there are different types of frequency counters (Π- and Λ-counters) that will produce
different results for the same oscillator. A discussion can be found in [216]. In this thesis,
the type of counter used for the measurements is named. For measurements with gate times
below 1 Hz a Λ-counter (CNT91, Spectracom Corp.) is used and for longer measurements a
Π-counter (SR620, Stanford Research Systems) was used.
In practice, the instability of an optical frequency reference is determined from the fre-
quency instability of a beat-note with another optical frequency reference. The beat-note how-
ever only provides information on the relative frequency instability and yields useful informa-
tion about the reference of interest if (i) the other reference features a lower instability or (ii)
it is identical to the reference of interest. In the later case frequency noise of the individual




If three frequency references are available, it is possible to determine the instability of the
individual oscillators using the so called three-corner-hat method [217]. The Allan variance










where subscripts i, j, and k denote the three oscillators and σ2i j(τ) denotes the Allan variance
of the beat-note between oscillator i and j and σ2i (τ) gives the absolute frequency stability of
oscillator i.
The three-corner-hat method requires that [195] the frequency measurements are contempo-
rary, the uncertainty in the measurement time differences is negligible, the number of samples
is high enough, and the noise of the different oscillators is uncorrelated. While the first three
requirements can often be fulfilled, the fourth is often an issue and can lead to nonsensical
results like negative variances. A procedure to estimate the correlations of a set of three fre-
quency standards and a procedure to determine their absolute frequency stability in spite of
correlations is given in [195].
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optical frequencies
C.1 Introduction
Ultra-stable optical frequencies are realized by active stabilization of lasers to, e.g., optical
cavities and transitions in atoms or molecules. State-of-the-art cavity stabilized laser sys-
tems reach relative frequency (in-)stabilities of few times 10−16 at 1 s with linewidths below
100 mHz [77] and optical clocks provide fractional frequency (in-)stabilities of 3.4×10−16/√τ
from 10 s to 10 000 s reaching 3× 10−18 at 10 000 s [3, 4]. Comparison of these ultra-stable
optical references requires high fidelity distribution of the stable frequencies to neighboring
laboratories or other institutes.
A convenient way for a direct comparison of optical clocks is to transfer highly stable fre-
quencies over long distances is to transmit the optical carrier via optical fibers. Optical fibers
feature low attenuation, low cost and flexibility. However, environmental influences like me-
chanical stress and temperature fluctuations on the fiber result in optical path length fluctu-
ations, which imprint phase fluctuations of several radians on the optical carrier. The phase
noise accumulated on a fiber can thus broaden the linewidth of a transmitted optical carrier
to several kHz and limit frequency comparisons at the 10−15 level even for short fibers [218].
Unstabilized optical fiber in the laboratory with lengths of 1 m to 20 m showed phase noise
from 10−3 to 10−1 rad2/Hz× f−2, and fractional instability of up to 2× 10−15 for integration
times up to 100 s [219]. This level of phase noise, introduced on a fiber link is on the order of
the performance achieved with the references realized in this thesis, that is 2× 10−15 for the
iodine references and better than 2×10−15 for the thermal noise limited cavity, where future
developments of, e.g., cryogenic optical cavities promise performance of better than 10−16 at
1 s [220]. A solution to this problem are fiber link stabilization schemes.
Therefore a compact, modular fiber stabilization setup was developed for the distribution
of the built and future frequency references. Because the lasers that are stabilized to optical
cavities are phase modulated, it was checked if the phase modulation disturbs the performance
of the fiber link stabilization. This is also of importance for fiber links within PDH schemes,
connecting the laser to be stabilized and the reference cavity setup [75]. The main objective
of the fiber noise cancellation setup is to faithfully transfer the instantaneous frequency of a
local laser to another laboratory for remote comparison of frequency instability or stabilization
of a frequency comb. A scheme for distribution of optical frequencies via optical fibers was
originally demonstrated by Ma et al. in 1994 [106]. A review article on the optical delivery of
high-stability radio or optical frequencies can be found in [218].
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Principle of Fiber link stabilization schemes The central idea of fiber noise cancellation
schemes is to send back a fraction of the light, that is transmitted from a local to a remote
laboratory, back to the local laboratory where the round-trip (rt) phase noise accumulated on
the fiber path can be extracted from a beat-note with the light entering the fiber in the local
laboratory. This way, the phase noise can be detected and (pre-)cancelled from the transmitted
carrier using an appropriate actuator (e.g., an AOM or a fiber heater [221, 222]) in an feedback
loop.
Requirements The scheme relies on reciprocity of fiber transmission, i.e., that the two
counter propagating beams experience the same phase perturbations independent of their di-
rection. Further, noise processes must be ‘stationary’ during the round-trip time Trt of the
light, which limits noise bandwidth to Fourier frequencies below (2π Trt)−1. The bandwidth
to within this concept works is, for short fibers, limited by the bandwidth of the electronics and
not the speed of light. For a 100 m fused silica fiber fiber (n = 1.5) the round-trip time is 1 µs,
limiting the bandwidth to 1 MHz. In a real system, the bandwidth is limited by the electronics.
C.2 Experimental setup
The optical scheme for fiber link stabilization resembles an unequal arm length, heterodyne
Michelson interferometer, where one arm containing the fiber link is stabilized to the other,
the reference arm. And the cancellation is realized by means of an optical phase locked loop,
Fig. C.2.
Compact phase noise detection module The central parts of the interferometric setup,
the reference arm and the beat detection were integrated in a compact, modular unit that is
depicted in Fig. C.1. This module can be used as free beam component or fiber coupled1 and
can thus be integrated in existing fiber links.
Detection of the round-trip phase noise A schematic of the fiber noise cancellation setup
is shown in Fig. C.2 and explained in the following. In the local laboratory, the laser field with
optical frequency ωL enters the setup with an instantaneous phase
φlocal = ωLt +φ0. (C.1)
About 15 mW of optical power are used for the transfer. In the fiber stabilization module, about
1 mW of the laser beam is split off by a polarization beam splitter (PBS) into the reference arm,
where a quarter-wave-plate rotates the polarization, so that the reflected beam is transmitted by
the PBS. The main part of the beam is frequency shifted by an AOM by 80 MHz introducing
a phase-shift φAOM and the first diffraction order is send through a 25 m long, polarization
1Integration of fiber couplers (60SMS, Schäfter und Kirchhoff ) is possible. Alternatively, an all fiber based
interferometer could be implemented as described in [219].
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Figure C.1: Fiber stabilization module. Left: CAD-drawing of the fiber stabilization module. The module
contains the main parts for the interferometric detection of fiber induced phase noise, except for the
reflector behind the fiber. Reproduced from [188] Right: Photograph of the fiber stabilization module.
Faraday rotator is taken from an compact Faraday isolator with the polarizers removed. The aluminum
box protects the reference arm from air currents. Cover plate not shown.
maintaining single mode fiber to the remote laboratory2. During transmission, the laser field
accumulates phase-noise φ f iber on to the fiber link. At the remote end the field emerges with
the instantaneous phase
φremote = (ωL +ωAOM)t +φAOM +φ f iber +φ0 (C.2)
Here, a fraction of the light is reflected and send back through the fiber for detection of the
round-trip phase noise accumulated on the fiber. A Faraday rotator (IO-2.5-1064-VLP3, Thor-
labs) is used to rotate the polarization of the round-trip light such that it is reflected at the PBS
in the local laboratory. The returning beam is overlapped with the beam from the reference
arm for detection of the beat-note between local and round-trip light. With the assumptions
given in C.1 the phase of the round-trip beam can be written as
φrt = (ωL +2ωAOM)t +2φAOM +2φ f iber +φ0. (C.3)
The beat-note between the local light field and the round-trip light field is at twice the AOM
frequency (160 MHz) due to the double passed AOM, and the beat-note is modulated by twice
2The fiber cancellation setup realized in this work was implemented and characterized in one laboratory for
simplicity of the characterization of the performance of the system; having the two ends of the fiber next to
each other, allows to compare the phase of the transmitted light field with the original phase of the entering
light field.
3The IO-2.5-1064-VLP is an optical isolator. For this application, the polarizers were removed by the manufac-




the phase noise added on a single fiber pass. The RF beat-note signal at 160 MHz between the
local and round-trip laser beam
Sbeat ∝ cos[2ωAOMt +2φAOM +2φ f iber]
contains the round-trip phase noise and is detected with fast photo detector (SM 05 PD4A,
Thorlabs). To extract the phase noise, the RF signal is first filtered and amplified to about
0 dBm using RF amplifiers (ZFL-500LN, Minicircuits) and mixed down to DC with a stable
RF reference signal, (derived from a GPS disciplined quartz oscillator (Model 1083A, Arbiter
Systems Inc.)), using a double balanced mixer (ZAD-1-1, Minicircuits). This provides the
phase information (2φAOM + 2φ f iber) of the round-trip light field relative to the entering laser
field.
Phase noise cancellation An optical phase locked loop is used to lock the phase of the
beat-note to the stable RF reference as shown in Fig. C.2. The phase-error signal from the
mixer is lowpass filtered and fed to a servo filter that drives a voltage controlled oscilla-
tor (VCO) (ZOS-100, Minicirucits). The RF signal from the VCO at 80 MHz is amplified
(ZHL-6A, Minicircuits) and fed to the AOM, that serves as actuator for phase corrections.
The frequency changes of the VCO thus introduces φAOM and the lock enforces the condition
2φAOM = −2φ f iber. Consequently, phase noise is also (pre-)cancelled on the single pass from




The transfer function of the optical phase locked loop was determined with a network analyzer
(3577A, Hewlett Packard). The resulting Bode plot, shown in Fig. C.3.2, reveals a -3 dB band-
width of 30 kHz, limited by the transfer function of the voltage controlled oscillator driving
the AOM and the time delay introduced by the AOM4. However, the bandwidth is reasonable
for conditions in laboratory environments. Since the phase is measured and the frequency is
actuated, the feedback loop comprehends an intrinsic integrator (dφAOM/dt = ωAOM), and two
additional electronic integrators in the servo filter at 3 kHz and 80 Hz increase the suppression
of phase noise at lower Fourier frequencies.
C.3.2 Frequency noise
In order to analyze the performance of the fiber noise cancellation, the setup was implemented
in one lab and the beat-note between the transmitted beam and local light field was detected
4 The AOM introduces a dead time because of the speed of sound in the AOM crystal (typically 3.63 mm/µs in
PbMo04 and 4.2 mm/µs in TeO2) and the distance from the transducer to and through the beam (here a beam
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of the fiber link stabilization setup for distribution of the phase-modulated, cavity stabilized
lasers, the performance of the fiber stabilization setup was tested with a phase modulated laser
beam.
For proof of principle, the transmitted laser was phase modulated at 600 kHz with a mod-
ulation index of 1 and the fiber noise was analyzed again. The stability of transmitted signal
is depicted in Fig. C.5. The stability is better than 1.5×10−16/√τ for averaging times of 1 s to
1000 s and is comparable to that of the unmodulated signal and also below the instability of
state-of-the-art optical clocks.
C.4 Conclusion
A setup for cancellation of fiber induced phase noise was realized using a modular beat de-
tection module, which can be integrated in fiber links for high fidelity distribution of optical
frequencies. The performance of the setup was characterized for a 25 m long pm fiber. It was
demonstrated that fiber-noise induced frequency instability could be suppressed to less than
1×10−16/τ up to averaging times of 10 000 s which allows for optical frequency transfer with
a fractional instability of 2×10−18 after 1000 s averaging time. This performance is sufficient





















































































































Figure D.1: Schematic of the noise canceling detector. Adapted from a design published in Ref. [162]
and detailed in Ref. [163].
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Figure D.2: Schematic of the photo detector for detection of RAM and optical power.
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Figure D.4: Schematic of the PDH and MTS servo control electronics (sheet one). The demodulated
PDH or MTS error signal is fed to error signal input, an offset voltage is added to compensate for mixer
offset voltage offsets. Two electronic integrators amplify the error signal, which is split into two paths.
The fast signal is applied to the laser PZT crystal, the slow path is attenuated and integrated again and
applied to the laser crystal temperature control.
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Figure D.5: Schematic of the PDH and MTS servo control electronics (sheet two). A triangular waveform
is generated and applied to the fast output to scan the laser and search for resonances. A lock indicator
lightens a LED when the PZT control voltage exceeds a threshold value.
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Figure D.6: Schematic of bias-tee and lead-
lag compensation circuit. The fast control
output from the servo filter is send through
a lead-lag compensator. The RF signal from
a function generator is added to the control





F Specifications of environmental tests
The environmental tests of the engineering model spectroscopy setup presented in Chapter 6,
Section 6.7.3 were carried out with the following specifications.
F.1 Vibrational loads
The specifications for the vibrational tests are summarized in Tab. F.1 and the sequence of the
test is given in Tab. F.2.
Table F.1: Specifications of
vibration loads applied to EM
baseplate and multipass-cell in
all three directions.
Sine vibration Random vibration
qualification level qualification level
Frequency (Hz) Level Frequency (Hz) Level
5-21 16.5 mm 20-100 +3 dB/oct
21-60 30 g 100-300 1.1 g2/Hz
60-100 9 g 300-2000 -5 dB/oct
1 sweep up, 2 oct./min 25.1 grms; 2 minutes
Run # Description Frequency (Hz) Level
1 Low level sine 5 - 2000 0.2 g
2 Sine intermediate level 50 % of qualification level
3 Low level sine 5 - 2000 0.2 g
4 Sine intermediate level 80 % of qualification level
5 Low level sine 5 - 2000 0.2 g
6 Sine full level qualification level
7 Low level sine 5 - 2000 0.2 g
8 Low level random 20 - 2000 -12 dB of qualification level
9 Low level sine 5 - 2000 0.2 g
10 Random intermediate level 20 - 2000 -6 dB of qualification level
11 Low level sine 5 - 2000 0.2 g
12 Random intermediate level 20 - 2000 -3 dB of qualification level
13 Low level sine 5 - 2000 0.2 g
12 Random full level 20 - 2000 qualification level
15 Low level sine 5 - 2000 0.2 g
Table F.2: Sequence of vibrational loads successively applied to EM baseplate and multipass-cell in all
three axis.
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F.2 Thermal cycling
The specifications and conditions for the thermal cycling are given in Tab. F.3.
Specification according to LTP-EM
Temperature range 0 ◦C to +40 ◦C
Ambient condition vacuum < 10−8 bar (*)
No. of cycles 5
Dwell time ≥ 1 h at max and min temperature
Temperature change rate ≤ 1 K/min
Stabilization criterion all temperature readings between 40◦ C and 43◦ C
all temperature readings between 0◦ C and -3◦ C
Specification according to ECSS
Temperature range -20 ◦C to +60 ◦C
Ambient condition atmospheric conditions at ambient pressure
(humidity as low as possible)
No. of cycles 8
Dwell time ≥ 2 h at max and min temperature
Temperature change rate ≤ 1 K/min
Stabilization criterion none, manually checking the development of
the specimen temperature
Table F.3: Specifications for thermal cycling of EM optical bench and multipass-cell.
(*) Vacuum conditions could not be realized in the used thermal chamber, atmospheric conditions at








CAD Computer aided design
DC Direct current
cf. confer (compare)
CMB Cosmic microwave background
CTE Coefficient of thermal expansion
EBB Elegant breadboard
e.g. exempli gratia (for example)
EOM Electro-optic modulator
Eq./Eqs. Equation/Equations
et al. et alii (and others)
etc. et cetera (and so forth)
EM Engineering model




FMS Frequency modulation spectroscopy
GRACE-FO Gravity recovery and climate experiment - Follow on (mis-
sion)
HFS Hyperfine structure
i.e. id est (that is)
LEO Low Earth orbit
LISA Laser interferometer space antenna
LLI Local Lorentz invariance
MTS Modulation transfer spectroscopy
NGGM Next generation gravity mission





PZT Lead zirconium titanate
(also used as synonym for piezoelectric transducers)
RAM Residual amplitude modulation
Ref./Refs. Reference/References
RF Radio frequency
rms Root mean square
RMS Robertson-Mansouri-Sexl





ULE Ultra low expansion
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